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CHAPTER 1

GENERAL

1-1. Purpose. This manual provides criteria and
guidance for the design of structures to resist the
effects of earthquakes.

1-2. Scope. This manual is a general approach
for the seismic design of buildings, including archi-
tectural components, mechanical and electrical
equipment supports, some structures other than
buildings, and utility systems. Primary emphasis
is given to the equivalent static force design
procedure.

1-3. References. Appendix A contains a list of
references used in this manual.

1-4. Design criteria. Preparation of seismic de-
signs will be in accordance with the criteria and
design standards herein.

a. The seismic design and detail requirements
in this manual are based on the Structural Engi-
neers Association of California (SEAOC) Recom-
mended Lateral Force Requirements and Commen-
tary. References to SEAOC are made throughout
this manual and are discussed to expand or ex-
plain the application of SEAOC to the design of
military facilities. It is necessary to have the
requirements portion of that document, chapters 1
through 6 to use in conjunction with this manual.
Appendix B contains information concerning the
SEAOC manual.

h Criteria and design standards in the agency
manuals for ordinary or nonseismic design are
applicable to seismic design except where criteria
in this manual are more stringent. Details of
construction shown in this manual represent those
acceptable for conforming systems. Site adaptation
of standard drawings will include design revisions
for the seismic area as required. In overseas
construction, where local materials of grades other
than those stated herein are used, the working
stresses, grades, and other requirements of this
manual will be modified as applicable.

1-5. Organization of manual. The general pro-
visions for seismic design are covered in this
manual by chapters 2, 3, and 4: chapter 2 provides
an introduction to the basic concepts of seismic
design; chapter 3 contains the seismic design
criteria; and chapter 4 provides a guide to the
application of the seismic design criteria. Chapters
5 through 10 are concerned with seismic design in
relation to structural materials, elements, and
components, including foundations. Chapters 11

and 12 cover seismic provisions for nonstructural
components such as architectural, mechanical, and
electrical elements. Chapter 13 covers structures
other than buildings, and chapter 14 gives some
guidelines for designing for the effects of earth-
quakes on utility systems. The appendices provide
examples of design calculations.

1-6. Preparation of project documents. Design
analysis, drawings, specifications, and cost esti-
mates will conform to agency standards and the
following additional requirements:

a. Design analysis. The design analysis, to be
furnished with the final plans, will include:

(1) Basis of design. The first part of the
analysis, called the basis of design, will contain
the following specific information:

(a) A statement of the seismic zone for
which the structure will be designed.

(b) A description of the structural system
selected for resisting lateral forces and a discus-
sion of the reasons for its selection. If irregular
features are involved, the application of configura-
tion requirements will be established.

(c) A statement regarding compliance with
this manual and the selected values of the design
parameters RW, C, S, T, I, and Z as defined in
subsequent chapters.

(d) A statement defining the assignment of
responsibilities for seismic design of structural and
nonstructural elements and components of the
building by architectural, mechanical, electrical,
and other consultants.

(e) A description of any possible assumed
future expansion for which provisions are made.

(2) Computations. The design analysis will
include seismic design computations for the
stresses in the lateral force resisting elements and
their connections, and for the resulting lateral
deflections and interstory drifts.

(3) Computer analyses. When computers are
used to perform seismic design calculations, the
analysis will include:

(a) Computer applications. Copies of com-
puter data, accompanied by diagrams that identify
supports, joints, and members according to the
notations used in the data listings, will form
integral parts of the design calculations in lieu of
manual computations otherwise required. These
listings will be augmented with intermediate re-
sults where applicable, so that sufficient informa-
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tion is available to permit manual checks of final
results.

(b) Information. The names and descriptions
of the computer programs will be provided. Other
information will be in sufficient detail so the
method of solution and limitations may be identi-
fied. Designers are encouraged to use well-
documented, widely accepted structural analysis
programs that are continuously maintained and
enhanced by an experienced computer service or-
ganization.

(c) Confidential or proprietary information.
The use of confidential or proprietary information
is not desirable and should be avoided. If propri-
etary or confidential computer programs are used,
it is the responsibility of the designer to provide
suitable documentation to the government. To
verify the accuracy of the proprietary or confiden-
tial program, sample problems should be solved
and the results compared with results from a
widely accepted structural analysis program.

b. Drawings.
(1) Preliminary drawings will contain a state-

ment that seismic design will be incorporated. The
basis of design submitted with these drawings will
give full information concerning the seismic loads
that will be used and the assumptions that will be
made in carrying out the seismic design.

(2) Construction drawings will include:
(a) A statement of the seismic zone and the

Rw, C, S, T, I, and Z values.
(b) Wall elevations for all concrete and ma-

sonry shear walls showing openings and special
reinforcing.

c. Specifications. Specifications will use applica-
ble guide specifications or supplements. Specifica-
tions will include a QA plan identifying all ele-

ments of the lateral force resisting system
requiring special inspection and testing.

d. Cost estimates. The special provisions re-
quired for seismic design generally result in an
increase in construction costs of 1 percent to 5
percent. The amount of this increased cost depends
on the overall concept and configuration of the
building system and the geographical location of
the building site. In some cases, a small increase
in the number of reinforcing bars, anchors, or
stiffener plates or a small increase in the amount
of weld material may be all that is required to
meet the seismic design provisions. In other cases,
however, where the basic concept or configuration
of the building does not provide an efficient system
of lateral force resistance, the additional costs to
provide seismic force resistance can be appreciable.
In geographical locations where the local construc-
tion industry is not experienced with the special
details of earthquake resistant construction, the
differential costs for seismic design will generally
be greater than they will in areas such as Califor-
nia, where this type of construction is the norm.
For example, the premium for seismic construction
will be higher for reinforced masonry, special
moment resisting reinforced concrete frames, and
special moment resisting steel frames in areas
where these types of construction are not common.

e. Items to be designed by the contractor. For
these items, the drawings and specifications will
specify requirements for the following:

(1) Qualifications of the contractor’s engineer.
(2) Criteria for the design: governing docu-

ments, required loads, limiting deflections, perfor-
mance objectives.

(3) Mechanism for review and basis for accep-
tance of the proposed design.
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CHAPTER 2

INTRODUCTION TO SEISMIC DESIGN

2-1. Introduction. This chapter provides an intro-
duction to the basic concepts of designing build-
ings to resist inertia forces and related effects
caused by earthquakes.

2-2. General. An earthquake causes vibratory
ground motions at the base of a structure, and the
structure actively responds to these motions. For
the structure responding to a moving base there is
an equivalent system: the base is fixed and the
structure is acted upon by forces (called inertia
forces) that cause the same distortions that occur
in the moving-base system. In design it is custom-
ary to visualize the structure as a fixed-base
system acted upon by inertia forces. Seismic de-
sign involves two distinct steps—determining (or
estimating) the forces that will act on the struc-
ture, and designing the structure so as to both
resist these forces and keep deflections within
prescribed limits.

a. Determination of forces. There are two gen-
eral approaches to determining seismic forces—an
equivalent static force procedure, and a dynamic
lateral force procedure. This manual illustrates
the equivalent static force procedure.

b. Design of the structure. The structural de-
signer must visualize the response of the structure
to earthquake ground motions and provide a de-
sign that will accommodate the distortions and
stresses that will occur in the building. In certain
cases, some elements cannot accommodate these
stresses and distortions. Examples may include
rigid stairs, rigid partitions, and irregular wings of
buildings. These elements should be isolated if
necessary in order to reduce damage to themselves
or to reduce the detrimental effects they have on
the lateral force resisting system. The develop-
ment of an adequate earthquake resistant design
for a structure entails the following five proce-
dures

(1) Selection of a workable overall structural
concept.

(2) Establishment of member sizes.
(3) Structural analysis of the members to ver-

ify that stress and displacement requirements are
satisfied.

(4) Adjustment of member sizes based on al-
lowable stresses and displacements. If significant
member size changes are made, it will be neces-
sary to reanalyze the structural system to verify
stress and displacement requirements.

(5) Provision of structural and nonstructural
details so that the building can perform as in-
tended.

2-3. Ground motion. The response of a given
building depends on the characteristics of the
ground motion; therefore it would be highly desir-
able to have a quantitative description of the
ground motion that might occur at the site of the
building during a major earthquake. Unfortu-
nately, there is no one description that fits all the
ground motions that might occur at any particular
site. The characteristics of the ground motion are
dependent on the magnitude of the earthquake
(i.e., the energy released), the distance from the
source of the earthquake (depth as well as horizon-
tal distance), the distance from the surface fault-
ing (this may or may not be the same as the
horizontal distance from the source), the nature of
the geological formations between the source of
the earthquake and the building, and the nature
of the soil in the vicinity of the building site (e.g.,
hard rock or alluvium). Although fully accurate
prediction of ground motion is not possible, the art
of ground motion prediction has progressed in
recent years to the point that design criteria have
been established in areas where historical earth-
quake records and geological information are
available. For more information on ground motion,
refer to TM 5–809-10–1/NAVFAC P–355.l/AFM
88-3, Chap 13, Sec A.

2-4. Structural response. If the base of a struc-
ture is suddenly moved, as in the case of seismic
ground motion, the upper part of the structure will
not respond instantaneously but will lag because
of inertial resistance. The amount of lag depends
primarily on the flexibility of the structure. This
concept is illustrated in figure 2–1 which shows
the motion in one plane. The stresses and distor-
tions in the building will be the same as if the
base of the structure were to remain stationary
while time-varying horizontal forces were applied
to the upper part of the building. These forces are
equal to the product of the mass of the structure
and the acceleration, or F = ma. (Mass is equal to
weight divided by the acceleration of gravity.)
Because the ground motion at a point on the
earth’s surface is three-dimensional (one vertical
and two horizontal components), the structures
affected will deform in a three-dimensional man-
ner. Generally, however, the inertia forces gener-
ated by the horizontal components of ground mo-
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tion require the greater consideration for seismic
design; adequate resistance to the vertical compo-
nents is usually provided by the member capaci-
ties required for gravity load design. For ordinary
structures within the scope of this manual, the
inertia forces are represented by equivalent static
forces. However, buildings can be idealized by the
use of simplified models that represent the dy-
namic characteristics of the structure. For special
structures the idealized models are subjected to
time history, response spectrum, or other dynamic
analyses, and the results are used to determine
the forces in the building. For more information on
dynamic analysis procedures, refer to TM 5-809-
1O-UNAVFAC P–355.1/AFM 88–3, Chap 13, Sec
A.

2-5. Behavior of buildings. Buildings are com-
posed of horizontal and vertical structural ele-
ments that resist lateral forces. The horizontal
elements, diaphragms, and horizontal bracing are
used to distribute the lateral forces to vertical
elements. The vertical elements that are used to
transfer lateral forces to the ground are shear
walls, braced frames, and moment resisting
frames.

a. Demands of earthquake motion. The loads or
forces that a structure sustains during an earth-
quake result directly from the distortions induced
in the structure by the motion of the ground on
which it rests. Ground motion is characterized by
displacements, velocities, and accelerations that
are erractic in direction, magnitude, duration, and
sequence. Earthquake loads are inertia forces re-
lated to the mass, stiffness, and energy-absorbing
(e.g., damping and ductility) characteristics of the
structure. During the life of a structure located in
a seismically active zone, it is generally expected
that the structure will be subjected to many small
earthquakes, some moderate earthquakes, one or
more large earthquakes, and possibly a very se-
vere earthquake. In general, it is uneconomical or
impractical to design buildings to resist the forces
resulting from the very severe or maximum credi-
ble earthquake within the elastic range of stress;
instead, the building is designed to resist lower
levels of force, using ductile systems. When the
earthquake motion is large to severe, the structure
is expected to yield in some of its elements. The
energy-absorbing capacity (ductility) of the yield-
ing structure will limit the degree of life-
threatening damage: buildings that are properly
designed and detailed can survive earthquake
forces substantially greater than the design forces
associated with allowable stresses in the elastic
range. Seismic design concepts must consider
building proportions and details for their ductility

and for their reserve energy-absorbing capacity for
surviving the inelastic deformations that would
result from the maximum expected earthquake.
Special attention must be given to the connections
that hold together the elements of the lateral force
resisting system.

b. Response of buildings. For dynamic analysis
of the response of a building to ground motion, the
structural properties of the building are repre-
sented by a mathematical model that consists of
an assembly of masses interconnected by springs
and dampers. At each floor, tributary masses are
lumped into a single mass. The force-deformation
characteristics of the lateral force resisting walls
or frames between floor levels are transformed
into equivalent story stiffnesses. An appropriate
degree of damping is assumed. Because of the
complexity of the calculations for dynamic analysis
methods, the use of a computer program is gener-
ally necessary; these complex methods of analysis
are generally used for essential structures. Most
buildings, however, are designed by the equivalent
static force procedure prescribed in this manual.
For buildings that require a dynamic analysis
approach, refer to TM 5–809–10–l/NAVFAC
P-355.1/AFM 88–3, Chap 13, Sec A.

c. Response of elements attached to the building.
Elements attached to the floors of the building
(e.g., mechanical equipment, ornamentation, pip-
ing, nonstructural partitions) respond to floor mo-
tion in much the same manner that the building
responds to ground motion. However, the floor
motion may vary substantially from the ground
motion. The high-frequency components of the
ground motion tend to be filtered out at the higher
levels in the building, while the components of
ground motion that correspond to the natural
periods of vibration of the building tend to be
magnified. If the elements are rigid and are rigidly
attached to the structure, the forces on the ele-
ments will be in the same proportion to the mass
as the forces on the structure, or F = ma (i.e., the
accelerations of the elements will be about the
same as the acceleration of the floor on which they
are supported). However, elements that are flexi-
ble and have periods of vibration close to any of
the predominant modes of the building vibration
will experience forces substantially greater than
the forces on the structure (i.e., accelerations of
elements will be greater than floor accelerations).

2-6. Nature of seismic codes. Codes and criteria
are established from limited testing, design experi-
ence, and the observed performance of buildings in
past earthquakes. A code represents the consensus
of a committe: the generalized statements arrived
at by compromise to cover uncertainties and limi-
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(a) Schematic of Low-Rise Building Instantaneous
Distortion During Ground Motion

(b) Schematic Showing
Shear-Type Dis
tortion

(c) Schematic Showing
Bending-Type Dis-
tortion

Figure 2–1. Schematic showing building distortion.
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tations. Codes must of necessity be short and
relatively simple; therefore they do not account for
all aspects of the complex phenomena of the
response of actual structures to actual earth-
quakes. Seismic codes provide a set of design
forces to represent the dynamic response of a
structure subject to a complex earthquake ground
motion.

a. Purpose. The basic purpose of a building code
is to provide for public safety. The seismic provi-
sions of this manual (chap 3) are based on the
requirements portion of the 1990 edition of the
Recommended Lateral Force Requirements and
Commentary of the Structural Engineers Associa-
tion of California. Excerpts from the commentary
portion of that publication are reprinted below:1

(1) The primary function of these Recommen-
dations is to provide minimum standards for use
in building design regulation to maintain public
safety in the extreme earthquakes which may
occur at the building’s site. These Recommenda-
tions primarily are intended to safeguard against
major failures and loss of life, not to limit damage,
maintain functions, or provide for easy repair. It is
emphasized that the purpose of these recom-
mended design procedures is to provide buildings
that are expected to meet this life safety objective.

(2) The specified design forces given herein
are based on the assumption that a significant
amount of inelastic behavior may take place in the
structure due to a major level of earthquake
ground motion. As a result, these design forces
and the related elastic deformations are much
lower than those that would occur if the structure
were to remain elastic. For a given structural
system, the design provisions are intended to
provide for the necessary inelastic behavior, and
representations of the element force levels and
deformations in the fully responding inelastic
structure are given as appropriate multiples of the
values found by the linear elastic analysis of the
structure under the specified design forces.

(3) Structures designed in conformance with
these Recommendations should, in general, be able
to:

(a) Resist a minor level of earthquake
ground motion without damage;

(b) Resist a moderate level of earthquake
ground motion without structural damage, but
possibly experience some nonstructural damage;

(c) Resist a major level of earthquake
ground motion having an intensity equal to the
strongest either experienced or forecast for the

lCopyright 1990, Structural Engineers Association of Cali-
fornia.
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building site, without collapse, but possibly with
some structural as well as nonstructural damage.

(4) It is expected that structural damage, even
in a major earthquake, will be limited to a
repairable level for structures that meet these
provisions. The level of damage depends upon a
number of factors, including the configuration,
type of lateral force resisting system, materials
selected for the structure, and care taken in
construction.

(5) Conformance to these Recommendations
does not constitute any kind of guarantee or
assurance that significant structural damage will
not occur in the event of a maximum level of
earthquake ground motion. In order to fulfill the
life safety objective of these Recommendations,
there are requirements that provide for structural
stability in the event of extreme structural defor-
mations; provisions protect the vertical load carry-
ing system from fracture or buckling at these
extreme states. While damage to the primary
structural system may be either negligible or
significant, repairable or virtually irreparable, it
is reasonable to expect that a well-planned and
constructed structure will not collapse in a major
earthquake. The protection of life is reasonably
provided, but not with complete assurance.

(6) Conformance to these Recommendations
will not limit or prevent damage due to earth
movements including earth slides such as those
that occurred in Anchorage, Alaska, or due to soil
liquefaction such as occurred in Nigata, Japan.
These Recommendations are intended to provide
the minimum required resistance to earthquake
ground shaking.

b. Design provisions. The seismic design provi-
sions furnish a method for establishing the forces,
describe acceptable structural systems, set limits
on deformation, and specify the allowable stresses
and/or strengths of the materials. The seismic
design provisions are minimum requirements, and
emphasis must be placed on structural concepts
and detailing techniques as well as on stress
calculations. The provisions are not all-inclusive:
they work best for regular, symmetrical buildings.
Unusual or large buildings require alternatives to
the static provisions that rely on dynamic analyses
and/or greater application of engineering judgment
and experience in seismic design. Guidelines are
given in this manual for determining when alter-
native procedures are required. TM 5–809–10–1/
NAVFAC P-355.1/AFM 88–3, Chap 13, Sec A
provides alternative procedures.

2-7. Fundamentals of seismic design. The type
of structural system used will determine the mag-
nitude of the design lateral forces. The decision as
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to the type of structural system to be used will be
based on the merits and relative costs for the
individual building being designed. There are in-
novative systems available for particular struc-
tural configurations and conditions, such as eccen-
tric braced frames, seismic isolation, friction
devices, and other response control systems. These
systems are described below.

a. Lateral force resisting systems. Over a dozen
approved lateral force resisting systems are de-
scribed in chapter 3. All of the systems rely
basically on moment resisting frames within a
complete, three-dimensional space frame, a coordi-
nated system of shear walls or braced frames with
horizontal diaphragms, or a combination of these
two systems. The vertical elements of the lateral
force resisting systems are illustrated in figure
2-2.

(1) In buildings where a moment resisting
frame resists the earthquake forces, the columns
and beams act in bending (a of fig 2–2). During a
large earthquake, story-to-story deformation (story
drift) may be a matter of inches without causing
failure of columns or beams. However, the drift
may be sufficient to damage elements that are
rigidly tied to the structural system, such as
brittle partitions, stairways, plumbing, exterior
walls, and other elements that extend between
floors. For this reason buildings can have substan-
tial interior and exterior nonstructural damage,
possibly approaching 50 percent of the total build-
ing value, and still be considered structurally safe.
Moment frames are desirable architecturally be-
cause they are relatively unobtrusive compared
with shear walls or braced frames, but they may
be a poor economic risk unless special damage
control measures are taken.

(2) Buildings with shear walls ( b of fig 2-2)
are usually rigid compared with buildings with
moment resisting frames. With low design stress
limits in shear walls, deformation due to shear
forces (for low buildings) is negligible. Shear wall
construction is an excellent method of bracing
buildings to limit damage to nonstructural compo-
nents, but architectural considerations may limit
its applicability. Shear walls are usually of rein-
forced unit masonry or reinforced concrete but
may be of wood in wood-frame buildings up to and
including three stories. Shear wall design is rela-
tively simple except when the height-to-width ratio
of a wall becomes large. Then overturning may be
a problem, and if the foundation soil is relatively
soft, the entire shear wall may rotate, causing
localized damage around the wall. Another diffi-

cult case is the shear wall with openings such that
it may respond more like a frame than a wall.

(3) Braced frames ( c of fig 2-2) generally have
the stiffness associated with shear walls, but are
somewhat less restrictive architecturally. It is
usually difficult to find room for doorways within
a frame; however, braces may be less obtrusive
than solid walls. The concern for overturning,
mentioned above for shear walls, applies also to
braced frames.

(4) Structural systems may be used in various
combinations. There may be different systems in
the two directions, or systems may be combined in
any one direction, or may be combined vertically.

(5) A building is not merely a summation of
parts (walls, columns, trusses, and similar compo-
nents) but is a completely integrated system or
unit that has its own properties with respect to
lateral force response. The designer must trace the
forces through the structure into the ground and
make sure that every connection along the path of
stress is adequate to maintain the integrity of the
system. It is necessary to visualize the response of
the complete structure and to keep in mind that
the real forces involved are not static but dynamic,
are usually erratically cyclic and repetitive, may
be significantly larger than the design forces, and
can cause deformations well beyond those deter-
mined from the design forces.

b. Configuration. A great deal of a building’s
resistance to lateral forces is determined by its
plan layout. The objective in this regard is symme-
try about both axes, not only of the building itself
but of its lateral force resisting elements and of
the arrangement of wall openings, columns, shear
walls, and so on. It is most desirable to consider
the effects of lateral forces on the structural
system from the start of the layout, since this may
save considerable time and money without detract-
ing significantly from the usefulness or appear-
ance of the building. Experience has shown that
buildings that are asymmetrical in plan have
greater susceptibility to earthquake damage than
symmetrical structures. The effect of asymmetry is
to induce torsional oscillations of the structure and
stress concentrations at re-entrant corners. Asym-
metry in plan can be eliminated or improved by
separating L-, T-, and U-shaped buildings into
distinct units by use of seismic joints at the
junctions of the individual wings. It should be
noted, however, that this causes two new prob-
lems: providing floor joints that are capable of
bridging gaps large enough to preclude adjacent
structures from pounding each other, and provid-
ing wall and roof joints that are capable of keeping
out the weather. Asymmetry caused by the eccen-
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Figure 2-2. Vertical elements of the lateral force resisting systems.

tric location of lateral force resisting structural
elements—such as in the case of a building that
has a flexible front because of large openings and
an essentially stiff (solid) rear wall—can usually be
avoided by better conceptual planning. For exam-
ple, modify the stiffness of the rear wall or add
rigid structural partitions to make the center of
rigidity of the lateral force resisting elements close
to the center of mass. When a building has
irregular features, such as asymmetry in plan or
vertical discontinuity y, the assumptions used in

developing seismic criteria for buildings with regu-
lar features may not apply. For example, planners
often omit partitions and exterior walls in the first
story of a building to permit an open ground floor;
in this case the columns at the ground level are
the only elements available to resist lateral forces,
and there is an abrupt change in the rigidity of
the vertical elements of the lateral force resisting
system at that level. This condition, generally
referred to as a soft story, is undesirable. It is
advisable to carry all shear’ walls down to the
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foundation. It is best to avoid creating buildings
with irregular features; however, when irregular
features are unavoidable, special design consider-
ations are required to account for the unusual
dynamic characteristics and the load transfer and
stress concentrations that occur at abrupt changes
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in structural resistance.
c. Ductility. For practical design purposes, due.

tility is defined as the capacity of building materi-
als, systems, or structures to absorb energy by
deforming in the inelastic range. Ductility allows
structures to withstand large earthquake forces
when they have been designed economically on an
elastic basis to lower, code-level forces. Structural
steel is a ductile material, but when steel mem-
bers are joined to make a lateral force resisting
frame, special details are needed in order to
ensure ductile behavior of the assembly. Brittle
materials such as concrete and unit masonry can
be reinforced with steel to provide strength, but
they need additional details to achieve the ductil-
ity characteristics necessary to resist large seismic
forces. In concrete columns, for example, the com-
bined effect of flexure (due to frame action) and
compression (due to the action of the overturning
moment of the structure as a whole) produces a
common mode of failure: buckling of the vertical
steel and spalling of the concrete cover near the
floor levels. In columns with proper spiral reinforc-
ing or closely spaced hoops, the reinforcing has a
confining effect that produces greater reserve
strength and ductility.

d. Redundancy. Redundancy is a highly desir-
able characteristic for earthquake resistant design.
When the primary element or system yields or
fails, the lateral force can be redistributed to
secondary elements or systems to prevent progres-
sive failure.

e. Connectivity. It is essential to tie the various
structural elements together so that they act as a
unit. The connections between the elements are at
least as important as the elements themselves.
Prevention of collapse during a severe earthquake
depends upon the inelastic energy absorbing capac-
ity of the structure, and this capacity should be
governed by the elements rather than by their
connections; in other words, connections should not
be the weak link in the structure. As a general
guide, if no other requirements are specified,
connections should be adequate to develop the
useful strength of the structural elements con-
nected, regardless of the calculated stress due to
the prescribed seismic forces.

f. Nonstructural participation. For both analysis
and detailing, the effects of nonstructural parti-
tions, filler walls, and stairs must be considered.
The nonstructural elements that are rigidly tied to

the structural system can have a substantial influ-
ence on the magnitude and distribution of earth-
quake forces. Such elements act somewhat like
shear walls, stiffening the building and causing a
reduction in the natural period and an increase in
the lateral forces and overturning moments. Any
element that is not strong enough to resist the
forces that it attracts will be damaged; it should
be isolated from the lateral force resisting system.

g. Damage control features. The design of a
structure in accordance with the seismic provisions
of this manual will not fully ensure against earth-
quake damage because the horizontal deformations
from design forces are lower than those that can
be expected during a major earthquake. However,
without increasing construction costs, a number of
things can be done to limit earthquake damage
that would be expensive to repair. In considering a
building’s response to earthquake motions, it is
important to keep in mind the structural system
and the geometry of the building. It should be
assumed that deformation (story drift) during a
major earthquake may be several times that re-
sulting from the design lateral forces. A list of
features to minimize damage follows:

(1) Details that allow structural movement
without damage to nonstructural elements can be
provided. Damage to such items as piping, glass,
plaster, veneer, and partitions may constitute a
major financial loss. To minimize this type of
damage, special care in detailing, either to isolate
these elements or to accommodate the movement,
is required.

(2) Glass windows should be isolated with
adequate clearance and flexible mountings at
edges to allow for frame distortions.

(3) Rigid nonstructural partitions should have
room to move at the top and sides.

(4) In piping installations, the expansion loops
and flexible joints used to accommodate tempera-
ture movement are often adaptable to accommo-
dating seismic deflections.

(5) Freestanding shelving can be fastened to
walls to prevent toppling. Shelves can be provided
with lips or edge restraints to prevent contents
from falling off in an earthquake.

2-8. Alternatives to the prescribed provisions.
Alternatives to the seismic provisions of this
manual are permitted if they can be properly
substantiated. The most common alternative is
dynamic analysis. Dynamic analysis may be re-
quired for such cases as irregular buildings and
buildings with setbacks. The provisions herein will
indicate when dynamic analysis is required. Dy-
namic analysis may be used as an option for such
cases as making a more, efficient design or design-
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ing to a particular earthquake ground motion. In
any case, using dynamic loading and computer
analysis, one can more accurately predict how a
proposed building will act and deform under
ground motions from a specific earthquake. The
resulting deformations may sometimes cause joint
rotations and stresses quite different from those
determined from the prescribed static loadings.
Before proceeding with the equivalent static force
procedure, the designer should make sure that
there are no special conditions that would warrant
or require the use of more rigorous methods.

a. Elastic dynamic analysis. For most buildings
requiring an alternative design method, an elastic
dynamic analysis procedure is sufficient to deter-
mine load distribution and member forces for
design earthquake motion. A response spectrum
analysis with the modes combined by the square-
root-of-the-sum-of-the-squares (SRSS) method or by
some other approved method is generally sufficient
for an elastic analysis. A time history analysis
may be used if necessary.

b. Inelastic dynamic analysis. For major build-
ings, for which added assurance is required that
the building can withstand a major earthquake
without collapse or within a limited range of
damage, an inelastic dynamic analysis may be
used. This usually is a time history analysis;
however, other approximate procedures that can
estimate inelastic effects may be used.

c. Seismic design guidelines for essential build-
ings. When authorized by the approval agency, TM
5-809-10-1/NAVFAC P-355.l/AFM 88-3, Chap
13, Sec A will be used as a supplement to this
manual for dynamic analysis procedures.

d. Innovative systems. There are new systems
and devices for controlling and/or limiting the
response of structures to earthquake ground mo-
tion. The best known of these systems are seismic
isolation systems (sometimes called base isolation
systems). Seismic isolation is based on the premise
that the structure can be substantially decoupled
from potentially damaging earthquake motions.
By decoupling the structure from the ground mo-
tion, seismic isolation reduces the level of response
in the structure from the level that would other
wise occur in a conventional fixed-base building, or
conversely, offers the advantage of designing with
a reduced level of earthquake load to achieve the
same degree of seismic protection and reliability
as a conventional fixed-base building. Tentative
provisions for seismic isolation are given in the
SEAOC Commentary, Appendix 1L. The subject is
not covered in this manual because it requires the
knowledge of specialists. Provisions for other inno-
vative systems such as damping devices are not
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covered in this manual; they are in various stages
of development, ragning from concept to imple-
mentation.

2-9. Future expansion. When future expansion
of a building is contemplated, it is generally better
to plan for horizontal expansions rather than for
vertical growth because there will be greater
freedom in planning the future increment, there
will be less interruption of existing operations
when additions are made, and the first increment
will not have to bear a large share of the cost of
the second increment. For future vertical expan-
sion, the foundation, floor/roof system, and struc-
tural frame must be proportioned for both the
initial and the future design loadings, including
the seismic forces. For future horizontal expansion,
either a complete structural separation between
the two phases must be provided, or the first
increment must be designed for its share of the
loads under both conditions: the first increment
and the expansion. Many buildings that have been
designed for expansion under past seismic criteria
do not satisfy the present criteria; if these build-
ings are to be expanded in the future, they will
have to be evaluated to determine if upgrading is
necessary. High cost may be incurred
strengthening is required, especially in
mic zones.

2-10. Existing buildings. Existing

if seismic
high seis-

buildings
may be upgraded, altered, or enlarged.

a. Upgrades. The upgrading of existing build-
ings is covered in TM 5–809–10–2/NAVFAC
P-355.2/AFM 88-3, Chap 13, Sec B.

b. Alterations. When a building is altered, it
will be subject to upgrading if the alteration would
reduce the vertical and/or lateral load carrying
system capacity or if an alteration in function puts
the building in an essential or hazardous occu-
pancy category.

c. Additions. Vertical and horizontal extensions
can have a drastic effect on the performance of the
building. Therefore, additions should be kept struc-
turally separate from the existing building when-
ever possible. When the addition is not separated
and a significant change occurs in the total
weight, in the weight distribution, or in the
building lateral force resisting system’s rotational
or translational stiffness, an upgrade will be done.

2-11. Major checkpoints. The process of achiev-
ing an adequate building must start with concep-
tual planning and be carried through all phases of
the design and construction program. The major
check points include site investigation; coordina-
tion of the work of the architect and engineers
(structural, mechanical, and electrical), to estab-
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lish the plan, the system, and the materials of detailing of nonstructural parts for damage con-
construction; establishment of design criteria for trol; preparation of clear, complete contract draw-
the specific facility; identification and location of ings and specifications; checking of shop drawings;
primary structural elements; determination and quality control inspection; and surveillance over
distribution of lateral seismic forces; preparation any change in conditions during the entire con-
of design calculations; detailing of connections; struction period.
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CHAPTER 3

DESIGN CRITERIA

3-1. Introduction. This chapter prescribes the
criteria for the seismic design of buildings and
other structures based on an equivalent static
force procedure.

3-2. General. The seismic design of buildings
and other structures will be in accordance with the
criteria and design standards herein. The struc-
tural system or type of construction will be based
on a rational analysis in accordance with estab-
lished principles of mechanics. Structures will be
designed for dead, live, snow, wind, and seismic
forces. The dead, live, snow, and wind loads will be
as given in TM 5–809–l/AFM 88–3, Chap 1. Every
building or structure and every portion thereof
will be designed and constructed to resist stresses
produced by lateral seismic forces in combination
with dead and live loads as provided in this
chapter. Materials and details will conform to the
seismic provisions, applicable guide specifications,
and criteria herein. The provisions of this chapter
apply to the structure as a unit and also to all of
its parts. In Zone 1, if the seismic base shear is
less than one-third of the total lateral wind forces
on the building, a seismic design is not required.
In Zone O there are no seismic requirements.

3-3. Seismic design provisions. The seismic pro-
visions of this manual are in accordance with
SEAOC, except as modified herein. They are ob-
tained from the following sources—

a. Structural Engineers Association of California
(SEAOC). The 1990 edition of the SEAOC recom-
mendations, which includes recommendations, ap-
pendixes, and commentary, is the basic reference
document. The SEAOC recommendations are dis-
cussed at appropriate places in this manual. Refer-
ences in this manual to SEAOC provisions have
the following format: “SEAOC 1D8a” refers to
Section lD8a of the SEAOC provisions. Detailed
explanations of the SEAOC provisions will be
found in the SEAOC commentary.

b. American Concrete Institute (ACI). ACI 318 is
the basic reference for concrete construction in this
manual. Chapter 21 of ACI 318–89 is the basic
reference for seismic provisions. References in this
manual to ACI provisions have the following
format: “ACI 21.3.1” refers to Section 3.1 of Chap-
ter 21 of ACI 318–89. The SEAOC recommenda-
tions are based on ACI 318–83, including ACI
Appendix A as amended by SEAOC. These amend-
ments, given in SEAOC Chapter 3, have been
superseded. Refer to appendix C in this manual for

equivalent amendments to Chapter 21 of ACI
318–89. In ACI 21.2.1, regions of moderate seismic
risk should be understood to be Seismic Zone 2;
regions of high seismic risk, Zones 3 and 4.

c. American Institute of Steel Construction
(AISC). The Manual of Steel Construction is the
basic reference for steel construction in this man-
ual. Because the SEAOC recommendations were
completed before the 9th edition was published,
the provisions for seismic design of steel frames
given in SEAOC Chapter 4 reference the 8th
edition of the AISC manual. The SEAOC refer-
ences to AISC have to do with exceptions to AISC
regarding such things as allowable stresses and
width-thickness ratios. References in this manual
to the AISC manual have the following format:
“AISC 1.4. 1“ refers to Section 1.4.1 of the specifi-
cations in the AISC manual. To use the 9th
edition of the AISC ASD manual, refer to the
conversion table on AISC in the specifications.

d. International Conference of Building Officials
(ICBO). The SEAOC provisions refer to the Uni-
form Building Code (UBC), published by ICBO.

3-4. Seismic zone map. The seismic zones used
to determine the factor Z are shown in figure 3–1.
Seismic zones for specific areas are tabulated in
tables 3–1 and 3-2 for localities within and out-
side the United States, respectively. Table 3–1
takes precedence over the map. For sites not
covered by the tables, note that the map boundary
lines are approximate, and in the event of any
conflict or uncertainty regarding the applicable
zone of any particular site, the higher zone will be
used.

3-5. Seismic zone factor, Z. The factor Z is
determined by the seismic zone:

Zone 4, Z = 0.40
Zone 3, Z = 0.30
Zone 2B, Z = 0.20
Zone 2A, Z = 0.15
Zone 1, Z = 0.075

3-6. Types of occupancy. The following descrip-
tions of military service occupancy categories sup-
plement or modify SEAOC 1D4 unless other direc-
tions are given by the user agency. Refer to
SEAOC Table 1-C for SEAOC occupancy catego-
ries.

a. Category I—Essential Facilities. These are
critical facilities that are necessary for postdis-
aster recovery and must be kept operating contin-
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Figure 3-1. Seismic zone map of the United States.
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ALABAMA
Anniston . . . . . . . . . . . . . . . . . . 2A
Maxwell AFB. . . . . . . . . . . . . . 0
Birmingham . . . . . . . . . . . . . . . . 2A
Huntsville . . . . . . . . . . . . . . . . . 1
Mobile . . . . . . . . . . . . . . . . . . . . 0
Montgomery . . . . . . . . . . . . . . . . 0
Fort Rucker . . . . . . . . . . . . . . . . 0

ALASKA
Adak Island . . . . . . . . . . . . . . . . 4
Anchorage. . . . . . . . . . . . . . . . . 4
Aleutian Islands . . . . . . . . . . . . 4
Barrrow . . . . . . . . . . . . . 1
Bethel . . . . . . . . . . . . . . . . . . . . 2B
Eielson AFB . . . . . . . . . . . . . . . . 3
Elmendorff AFB . . . . . . . . . . . . 4
Fairbanks. . . . . . . . . . . . . . . . . . 3
Fort Greely . . . . . . . . . . . . . . . . 3
Juneau . . . . . . . . . . . . . . . . . . . . 3
Kodiak Island . . . . . . . . . . . . . . . 4
Nome . . . . . . . . . . . . . . . . . . . . . 1

ARIZONA
Fort Huachuca . . . . . . . . . . . . . . 2B
Luke AFB . . . . . . . . . . . . . . . . . 1
Navajo AD . . . . . . . . . . . . . . . . . 1
Phoenix . . . . . . . . . . . . . . . . . . . 1
Tucson . . . . . . . . . . . . . . . . . . . . 1
Williams AFB . . . . . . . . . . . . . . . 1
Puma . . . . . . . . . . . . . . . . . . . . . 4
YumaPruvingGrounds . . . . . . . 3

ARKANSAS
Eaker AFB . . . . . . . . . . . . . . . . . 3
Fort Chaffee . . . . . . . . . . . . . . . . 1
Little Rock AFB . . . . . . . . . . . . 1
Pine Bluff . . . . . . . . . . . . . . . . . . 1

CALIFORNIA
Castle AFB . . . . . . . . . . . . . . . . 3
China Lake . . . . . . . . . . . . . . . . . 4
Edwards AFB . . . . . . . . . . . . . . . 4
Hamilton AFB . . . . . . . . . . . . . . 4
Hunter-Ligget MR . . . . . . . . . . . 4
Long Beach . . . . . . . . . . . . . . . . 4
Los Angeles . . . . . . . . . . . . . . . 4
March AFB . . . . . . . . . . . . . . . . 4
Mare Island . . . . . . . . . . . . . . . . 4
Norton AFB . . . . . . . . . . . . . . . . 4
Oakland . . . . . . . . . . . . . . . . . . . 4
Fort Ord . . . . . . . . . . . . . . . . . . 4
Camp Pendleton . . . . . . . . . . . . . 4
Port Hueneme . . . . . . . . . . . . . . 4
Sacramento . . . . . . . . . . . . . . . . 3
San Diego . . . . . . . . . . . . . . . . . 4
San Francisco . . . . . . . . . . . . . . . 4
Sharped. . . . . . . . . . . . . . . . . 3
Sierra AD . . . . . . . . . . . . . . . . . . 3
Travis AFB . . . . . . . . . . . . . 4
Vandenberg AFB . . . . . . . . . . . . 4

COLORADO
USAF Academy . . . . . . . . . . . . . 1
Fort Carson . . . . . . . . . . . . . . . 1
Denver . . . . . . . . . . . . . . . . . . . . 1
Fitzsimmons AMC . . . . . . . . . 1
Peterson Field . . . . . . . . . . . . . . 1
Pueblo . . . . . . . . . . . . . . . . . . . . 1

CONNECTICUT
Hartford . . . . . . . . . . . . . . . . . . . 2A
New Haven . . . . . . . . . . . . . . . . . 2A
New London . . . . . . . . . . . . . . . 2A

DELAWARE
Dover AFB . . . . . . . . . . . . . . . . 1
Wilmington . . . . . . . . . . . . . . . . 2A

FLORIDA
Eglin  AFB . . . . . . . . . .  . . . . . . 0
Homestead AFB . . . . . . . . . . . . . 0
Jacksonville . . . . . . . . . . . . . . . . 1
Key West . . . . . . . . . . . . . . . . . .0
MacDill AFB . . . . . . . . . . . . . . . 0
Miami . . . . . . . . . . . . . . . . . . . . 0
Orlando . . . . . . . . . . . . . . . . . . . 0
Patrick AFB . . . . . . . . . . . . . . . . 0
Pensacola. . . . . . . . . . . . . . . . . . 0
Tampa . . . . . . . . . . . . . . . . . . . . 0
Tyndall AFB . . . . . . . . . . . . . . . 0

GEORGIA
Albany . . . . . . . . . . . . . . . . . . . . 1
Atlanta . . . . . . . . . . . . . . . . . . . 2A
Fort Benning . . . . . . . . . . . . . . . 1
Fort Gordon . . . . . . . . . . . . . . . . 2A
Hunter AFB . . . . . . . . . . . . . . . . 2A
Macon . . . . . . . . . . . . . . . . . . . . 1
Robins AFB . . . . . . . . . . . . . . . . 1
Savannah . . . . . . . . . . . . . . . . . . 2A
Fort Stewart . . . . . . . . . . . . . . . . 1

HAWAII
Barbers Point Oahu . . . . . . . . . . 2B
Hickam AFB . . . . . . . . . . . . . . . 2B
Hilo, Hawaii . . . . . . . . . . . . . . . . 4
Honolulu, Oahu . . . . . . . . . . . . . 2B
Kaneohe Bay, Oahu . . . . . . . . . . 2B
Lihue, Kauai . . . . . . . . . . . . . . . . 1
Schofield Barracks . . . . . . . . . 2B
Wheeler . . . . . . . . . . . . . . . 2B
Wailuku, Maui . . . . . . . . . . . . . 3

IDAHO
Idaho Falls . . . . . . . . . . . . . . . . . 2B
Mountain Home AFB . . . . . . . . . 2B

ILLINOIS
Chanute AFB . . . . . . . . . . . . . . . 1
Chicago . . . . . . . . . . . . . . . . . . 1
Great Lakes TC . . . . . . . . . . . . . 1
Joliet AAP . . . . . . . . . . . . . . . . . 1
O'Hare IAP . . . . . . . . . . . . . . . . 1

ILLINOIS (cont'd)
Savanna AD . . . . . . . . . . . . . . . . 1
Scott AFB . . . . . . . . . . . . . . . . . 2A

INDIANA
Fort Ben Harrison . . . . . . . . . . . 2A
Fort Wayne . . . . . . . . . . . . . . . . 2A
Grissom AFB . . . . . . . . . . . . . . . 1
Indiana AAP . . . . . . . . . . . . . . . 2A

IOWA
Burlington . . . . . . . . . . . . . . . . . 0
Cedar Rapids . . . . . . . . . . . . . . . 0
Des Moines . . . . . . . . . . . . . . . . 0
Sioux City . . . . . . . . . . . . . . . . . . 1

KANSAS
Kansas AAP . . . . . . . . . . . . . . . . 1
Fort Leavemworth . . . . . . . . . . . . 2A
McConnell AFB . . . . . . . . . . . . . 1
Fort Riley . . . . . . . . . . . . . . . . . 2A
Sunflower AAP. . . . . . . . . . . . . . 2A

KENTUCKY
Fort Campbell . . . . . . . . . . . . . . 2A
Lexington . . . . . . . . . . . . . . . . . . 1
Louisville . . . . . . . . . . . . . . . . . . 2A
Fort Knox . . . . . . . . . . . . . . . . . . 2A

LOUISIANA
Fort Polk . . . . . . . . . . . . . . . . . . 0
Lake Charles . . . . . . . . . . . . . . . 1
Louisiana AAP . . . . . . . . . . . . . . 1
New Orleans . . . . . . . . . . . . . . .  .0
Shreveport . . . . . . . . . . . . . . . . . 1

MAINE
Bangor . . . . . . . . . . . . . . . . . . . . 1
Brunswick . . . . . . . . . . . . . . . . . . 2A
Cutler. . . . . . . . . . . . . . . . . . . . 2A
Loring AFB . . . . . . . . . . . . . . . 1
Winter Harbor . . . . . . . . . . . . . . 1

MARYLAND
Aberdeen Proving Ground . . . . . 1
Andrews AFB . . . . . . . . . . . . . . . 1
Annapolis . . . . . . . . . . . . . . . . . . 1
Baltimore . . . . . . . . . . . . . . . . . . 1
Fort Detrick . . . . . . . . . . . . . . . . 1
Fort Meade . . . . . . . . . . . . . . . . 1
Fort Ritchie . . . . . . . . . . . . . . . . 1

MASSACHUSETTS
Boston . . . . . . . . . . . . . . . . . . . . 2A
Fort Devens . . . . . . . . . . . . . . . . 2A
LG. Hanscom Fieid . . . . . . . . . . 2A
Otis AFB . . . . . . . . . . . . . . . . . . 2A
Westover AFB. . . . . . . . . . . . 2A

MICHIGAN
Detroit . . . . . . . . . . . . . . . . . . . . 1
Kincheloe AFB . . . . . . . . . . . . . . 1

Rock Island Arsenal . . . . . . . . 1

Table 3-1. Seismic zone tabulation- United States.
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MICHIGAN (cont’d)
K.I. Sawyer AFT . . . . . . . . . . . . . 0
Selfridge AFB . . . . . . . . . . . . . . 1
Wurtsmith AFT . . . . . . . . . . . . . 0

MINNESOTA
Duluth . . . . . . . . . . . . . . . . . . . . 0
Minneapolis . . . . . . . . . . . . . . . . 0
Osceola AFB . . . . . . . . . . . . . . . 0

MISSISSIPPI
Biloxi.. . . . . . . . . . . . . . . . . . . . 0
Columbus AFB . . . . . . . . . . . . . 1
Jackson . . . . . . . . . . . . . . . . . . . 1
Keesler AFB . . . . . . . . . . . . . . . 0
Meridan . . . . . . . . . . . . . . . . . . . 1

MISSOURI
Kansas City . . . . . . . . . . . . . . . . 2A
Lake City AAP . . . . . . . . . . . . . . 2A
Fort Leonard Wood.  . . . . . . . . . 1
St. Louis . . . . . . . . . . . . . . . . . 2A
Richards Gebaur AFB . . . . . . . . 2A
Whiteman AFB . . . . . . . . . . . . . 1

MONTANA
Helena . . . . . . . . . . . . . . . . . . . . 3
Malmstrom AFB . . . . . . . . . . . . 2B
Missoula  . . . . . . . . . . . . . 2B

NEBRASKA
Cornhusker AAP . . . . . . . . . . . . 1
Lincoln . . . . . . . . . . . . . . . . . . . . 1
Offutt AFB . . . . . . . . . . . . . . . . 1

NEVADA
Carson City . . . . . . . . . . . . . . . 3
Fallon . . . . . . . . . . . . . . . . . . . . . 4
Hawthorne . . . . . . . . . . . . . . . . 4
LasVegaa . . . . . . . . . . . . . . . . . . 2B

NEW HAMPSHIRE
Hanover . . . . . . . . . . . . . . . . . . . 2A
Pease AFB . . . . . . . . . . . . . . . . . 2A
Portsmouth . . . . . . . . . . . . . . . . . 2A

NEW JERSEY
Atlantic City . . . . . . . . . . . . . . . . 1
Bayonne . . . . . . . . . . . . . . . . . . . 2A
Picatinny Arsenal . . . . . . . . . . . . 2A
McGuire AFB . . . . . . . . . . . . . . 1
Fort Monmouth . . . . . . . . . . . . . 2A

NEW YORK
Albany. . . . . . . . . . . . . . . . . . . . 2A
Buffalo . . . . . . . . . . . . . . . . . . . . 2A
Fort Drum . . . . . . . . . . . . . . . . . 2A
Griffiiss AFB . . . . . . . . . . . . . . . . 2A
New York . . . . . . . . . . . . . . . . . . 2A
Niagara Falls IAP . . . . . . . . . . . . 2A
Plattsburg AFB . . . . . . . . . . . . . 2A
Syracuse . . . . . . . . . . . . . . . . . . . 1
West Point Military

Reservation . . . . . . . . . . . . . . 2A
Watervliet . . . . . . . . . . . . . . . . . 2A

NORTH CAROLINA
Fort Bragg . . . . . . . . . . . . . . . . . 1
Charlotte . . . . . . . . . . . . . . . . . . 2A
Camp Lejeune . . . . . . . . . . . . . . 1
Greensboro . . . . . . . . . . . . . . . . 2A
Pope AFB . . . . . . . . . . . . . . . . . 1
Seymour Johnson . . . . . . . . . . . . 1
Sunny Point Ocean

Terminal . . . . . . . . . . . . . . . . . 1

NORTH DAKOTA
Bismarck . . . . . . . . . . . . . . . . . . 0
Fargo . . . . . . . . . . . . . . . . . . . . . 0
Grand Forks AFB . . . . . . . . . . . 0
Minot AFB . . . . . . . . . . . . . . . . . 0

OHIO
Cincinnati . . . . . . . . . . . . . . . . . . 1
Cleveland . . . . . . . . . . . . . . . . . . 1
Columbus . . . . . . . . . . . . . . . . . . 1
Ravenna AAP . . . . . . . . . . . . . . 1
Wright-Patterson AFB . . . . . . . . 1

OKLAHOMA
Enid/Vance AFB . . . . . . . . . . . . 1
Fort Sill . . . . . . . . . . . . . . . . . . . 1
Tinker AFB . . . . . . . . . . . . . . . . 2A
Tulsa. . . . . . . . . . . . . . . . . . . . . 1
McAlester AAP . . . . . . . . . . . . . 2A
Altus AFB . . . . . . . . . . . . . . . . . 1

OREGON
Coos Bay . . . . . . . . . . . . . . . . . . 2B
Eugene . . . . . . . . . . . . . . . . . . . . 2B
Portland . . . . . . . . . . . . . . . . . . . 2B
Umatilla AD . . . . . . . . . . . . . . . 2B

PENNSYLVANIA
Carlisle Barracks . . . . . . . . . . . . 1
Harrisburg . . . . . . . . . . . . . . . . . 1
Letterkenny AD . . . . . . . . . . . . . 1
Philadelphia . . . . . . . . . . . . . . . . 2A
Pittsburgh, . . . . . . . . . . . . . . . . . 1
Scranton . . . . . . . . . . . . . . . . . . . 2A

NEW MEXICO
Albuquerque . . . . . . . . . . . . . . . 2B
Cannon AFB . . . . . . . . . . . . . . . 1
Holloman AFB . . . . . . . . . . . . . . 1
White Sands MR . . . . . . . . . . . . 1
Kirtland AFB . . . . . . . . . . . . . . . 2B
Sacramento PK . . . . . . . . . . . . . . 1

RHODE ISLAND
Newport . . . . . . . . . . . . . . . . . . . 2A
Providence . . . . . . . . . . . . . . . . . 2A

SOUTH CAROLINA
Beaufort . . . . . . . . . . . . . . . . . . . 3
Charleston . . . . . . . . . . . . . . . . . 3
Fort Jackson . . . . . . . . . . . . . . . . 2A
Parris Island . . . . . . . . . . . . . . . . 3
Shaw AFB . . . . . . . . . . . . . . . . . 2A

SOUTH DAKOTA
Ellsworth AFB . . . . . . . . . . . . . . 1
Pierre . . . . . . . . . . . . . . . . . . . . . 0
Sioux Falls . . . . . . . . . . . . . . . . . 0

TENNESSEE
Chattanooga . . . . . . . . . . . . . . . . 2 A
Holston AAP  . . . . . . . . . . . . . . 2A
Memphis . . . . . . . . . . . . . . . . . . 3
Milan AAP . . . . . . . . . . . . . . . . . 3
Millington . . . . . . . . . . . . . . . . . . 3
Nashville . . . . . . . . . . . . . . . . . . 1

TEXAS
Austin/Bergatrom AFB . . . . . . . . 0
Brooks AFB . . . . . . . . . . . . . . . . 0
Carswell AFB . . . . . . . . . . . . . . . 0
Corpus Christi . . . . . . . . . . . . . . 0
Dallas . . . . . . . . . . . . . . . . . . . . . 0
Dyess AFB . . . . . . . . . . . . . . . . . 0
Ellington AFB . . . . . . . . . . . . . 0
El Paso . . . . . . . . . . . . . . . . . . . . 1
Fort Bliss . . . . . . . . . . . . . . . . . . 1
Fort Sam Houston . . . . . . . . . . . 0
Galveston . . . . . . . . . . . . . . . . . . 0
Goodfellow AFB . . . . . . . . . . . . 0
Fort Hood . . . . . . . . . . . . . . . . . 0
Fort Worth . . . . . . . . . . . . . . . . . 0
Houston . . . . . . . . . . . . . . . . . . . 0
Kelly AFB . . . . . . . . . . . . . . . . . 0
Lackland AFB . . . . . . . . . . . . . . 0
Laughlin AFB . . . . . . . . . . . . . . 0
Lone Star AAP . . . . . . . . . . . . . . 1
Longhorn AAP . . . . . . . . . . . . . . 1
Randolph AFB . . . . . . . . . . . . . . 0
Red River AD . . . . . . . . . . . . . . 1
Reese AFB . . . . . . . . . . . . . . . . . . 0
San Antonio . . . . . . . . . . . . . . . . 0
Sheppard AFB . . . . . . . . . . . . . . 1
Wichita Falls . . . . . . . . . . . . . . . 0

UTAH
Dugway P.G. . . . . . . . . . . . . . . . 2B
Hill AFB . . . . . . . . . . . . . . . . . . 3
Salt Lake City . . . . . . . . . . . . . . 3
Tooele ArmyDepot . . . . . . . . . . 3

VERMONT
All . . . . . . . . . . . . . . . . . . . . . . . 2A

VIRGINIA
Fort Belvoir . . . . . . . . . . . . . . . 1
Fort Eustis . . . . . . . . . . . . . . . . . 1
Fort Meyer . . . . . . . . . . . . . . . . . 1
Norfolk . . . . . . . . . . . . . . . . . . . 1
Petersburg/Fort Lee . . . . . . . . . . 1
Quantico . . . . . . . . . . . . . . . . . . 1
Radford AAP . . . . . . . . . . . . . . . 2A
Richmond . . . . . . . . . . . . . . . . . 1
Vint Hill Farms

Station . . . . . . . . . . . . . . . . . . . 2A
Warrenton . . . . . . . . . . . . . . . . . 2A

Table 3-1. Continued
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WASHINGTON
Bremerton . . . . . . . . . . . . . . . . . 3
Fairchild AFB . . . . . . . . . . . . . . 2B
Fort Lewis . . . . . . . . . . . . . . . . . 3
McChord AFB . . . . . . . . . . . . . . 3
Seattle . . . . . . . . . . . . . . . . . . . . 3
Walla Walla . . . .  . . . . . . . . . 2B
Yakima . . . . . . . . . . . . . . . . . . . . 2B

WASHINGTON,DC
Bolling AFB . . . . . . . . . . . . . . . . 1
Fort McNair . . . . . . . . . . . . . . . . 1
Walter Reed AMC . . . . . . . . . . . 1

WEST VIRGINIA
All . . . . . . . . . . . . . . . . . . . 1

WISCONSIN
All . . . . . . . . . . . . . . . . . . . . . . . 0

WYOMING
Cheyenne . . . . . . . . . . . . . . . . . . 1
Yellowstone . . . . . . . . . . . . . . . . 3

Table 3-1. Continued

uously during and after an earthquake. This cate-
gory includes facilities where damage from an
earthquake may cause significant loss of strategic
and general communications and critical mission
response capability. In addition to the items in
SEAOC Table l–C, the following are categorized
as essential facilities:

(1) Facilities involved in handling or process-
ing sensitive munitions, nuclear weaponry or ma-
terials, gas and petroleum fuels, and chemical or
biological contaminants.

(2) Facilities involved in operational missile
control, launch, tracking, or other critical defense
capabilities.

(3) Mission-essential and primary communica-
tion or data-handling facilities.

b. Category II–Hazardous Facilities. These are
defined in SEAOC Table l-C.

c. Category III—Special Occupancy Structures.
These are structures where primary occupancy is
for assembly of a large number of people, where
the primary use is for people who are confined
(e.g., prisons), or where services are provided to a
large area or large number of other buildings.
Buildings in this category may suffer damage in a
large earthquake but are recognized as warranting
a higher level of safety than the average building.
An example of a special occupancy structure is one
having high-value equipment when justification is
provided by the using agency.

d. Category IV—Standard Occupancy Structures.
This category includes all facilities not included in
the categories above.

e. Multiple occupancies. Buildings with multiple
occupancies will be categorized according to the

most important occupancy unless the portion of
the building that houses the most important occu-
pancy can be shown to satisfy the requirements for
that occupancy.

3-7. Importance factors. The importance factor
is a multiplier that increases the design lateral
force levels for certain occupancies. Values of
I-factors for all occupancy categories are given in
SEAOC Table l-D. Use of these I-factors requires
that specific quality control requirements be met.
These requirements are discussed in SEAOC.

3-8. Approved systems. Any building designed
within the scope of this manual must qualify
under one or more of the classifications under
general categories A, B, C, and D in SEAOC Table
l–G. If there is doubt as to which of two classifica-
tions governs, the one with the smaller value of
Rw should be used. If the building does not appear
to be covered by any of the classifications, the
structural system must be modified to conform to
one of the classifications, or justification must be
made for the argument that the structural system
will satisfy the intent of the seismic design provi-
sions as prescribed in SEAOC 1D9b.

3-9. Dynamic analysis. TM 5-809-10-1/
NAVFAC P-355.l/AFM 88-3, Chap 13, Sec A, will
be used instead of SEAOC lF when the dynamic
analysis procedure is used.

3-10. Quality control.
a. General. The SEAOC provisions require that

a certain level of quality control be provided.
Observation of actual structural performance in
earthquakes has indicated that the details of
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design and construction often dominate the seismic SEAOC 1K requires that special quality control
performance. The SEAOC provisions are based on requirements be exercised during both the design
the premise that special design, construction re- phase and the construction phase of a project.
view, inspection, and observation can improve the When standard Department of Defense (DOD)
performance of the structure more effectively than quality control procedures do not meet the SEAOC
reliance on increased design force levels. In Zones lK requirements, supplemental procedures should
2, 3, and 4, for Occupancy Categories I, II, and III, be initiated to meet these requirements.
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AFRICA:
Algeria:

Alger . . . . . . . . . . . . . . . . 3
Oran . . . . . . . . . . . . . . . . 3

Angola:
Luanda . . . . . . . . . . . . . . . .0

Benin:
Cotonou . . . . . . . . . . . . . .0

Botswana:
Gaborone . . . . . . . . . . . . .0

Burundi:
Bujumbura . . . . . . . . . . . . . . 3

Cameroon
Douala . . . . . . . . . . . . . . 0
Yaounde . . . . . . . . . . . . . . 0

Cape Verde
Praia . . . . . . . . . . . . . . . . . 0

Central African
Republic:

Bangui . . . . . . . . .  . . . . .0
Chad:

Ndjamena . . . . . . . . . . . . . 0
Congo

Brazzaville . . . . . . . . . . . . . 0
Djibouti

Djibouti . . . . . . . . . . . . . . .3
Egpt:

Alexandria . . . . . . . . . . 2A
Cairo . . . . . . . . . . . . . . . . . 2A
Port Said . . . . . . . . . . . . . . 2A

Equatorial Guinea:
Malabo. . . . . . . . . . . . . . . 0

Ethiopia:
Addis Ababa . . . . . . . . . . 3
Asmara. . . . . . . . . . . . . . . . . 3

Gabon
Libreville . . . . . . . . . . . . . . 0

Gambia
Banjul . . . . . . . . . . . . . . . . 0

Ghana:
Accra . . . . . . . . . . . . . . . . . . 3

Guinea:
Bisaau . . . . . . . . . . . . . . . . l
Conakry . . . . . . . . . . . . . . . . 0

Ivory Coast
Abidjan . . . . . . . . . . . . . . . 0

K e n y a :
Nairobi . . . . . . . . . . . . . . . 2A

Lesotho
Maseru . . . . . . . . . . . . . . . 2A

Liberia:
Monrovia . . . . . . . . . . . . . . . . 1

Libya:
Tripoli . . . . . . . . . . . . . . . . 2A
Wheelus AFB. . . . . . . 2A

Malagasy Republic
Tananarive . . . . . . . . . . . 0

Malawi:
Blantyre . . . . . . . . . . . . . . . . 3
Lilongwe . . . . . . . . . . . . . 3
Zomba . . . . . . . . . . . . . . 3

Mali:
Bamako . . . . . . . . . . . . . . . 0

Mauritania
Nouakchott . . . . . . . . .0

Mauritius:
Port Louis.. . . . . . . . . .0

Morocco:
Casablanca . . . . . . . . . . . . 2A
Port Lyautcy . . . . . . . . . . . . . 1
Rabat . . . . . . . . . . . . . . . . 2A
Tangier . . . . . . . . . . . . . . 3

Mozambique
Maputo . . . . . . . . . . . . . . . 2A

Niger:
Niamey . . . . . . . . . . . . . . . .0

Nigera:
Ibadan . . . . . . . . . . . . . . . . 0
Kaduna . . . . . . . . . . . . . . . 0
Lagos . . . . . . . . . . . . . . . . . . 0

Republic of Rwanda:
Kigali . . . . . . . . . . . . . . . 3

Senegal
Dakar . . . . . . . . . . . . . . . . .0

Seychelles
Victoria . . . . . . . . . . . . . . . . . 0

Sierra Leone
Freetown . . . . . . . . . . . . . . 0

Somalia:
Mogadishu . . . . . . . . . . . . 0

South Africa:
Cape Town . . . . . . . . . . . . . . 3
Durban . . . . . . . . . . . . . . . 2A
Johannesburg . . . . . . . . . . 2A
Natal . . . . . . . . . . . . . . . . . .1
Pretoria . . . . . . . . . . . . . . . 2A

Swaziland
Mbabane . . . . . . . . . . . . . . 2A

Tanzania:
Dar es Salaam . . . . . . . . . . 2A
Zanzibar . . . . . . . . . . . . . . 2A

Togo:
Lome . . . . . . . . . . . . . . . 1

Tunisia:
Tunis . . . . . . . . . . . . . . . . 3

Uganda
Kampala . . . . . . . . . . . . . . 2A

Upper Volta:
Ougadougou . . . . . . . . . . . . . 0

Zaire:
Bukavu . . . . . . . . . . . . . . 3
Kinshasa . . . . . . . . . . . . . . 0
Lubumbashi . . . . . . . . . . . . 2A

Zambia:
Lusaka . . . . . . . . . . . . . . . 2A

Zimbabwe:
Harare
(Saliabury) . . . . . . . . . . . . .3

ASIA:
Afghanistan:

Kabul . . . . . . . . . . . . . . . .4
Bahrain

Manama . . . . . . . . . . . . . .0

Bangladesh
Dacca . . . . . . . . . . . . . . . 3

Brunei:
Bandar Seri Begawan . . . . . l

Burma:
Mandalay . . . . . . . . . . . . . .3
Rangoon . . . . . . . . . . . . . .3

China:
Canton . . . . . . . . . . . . . . . 2A
Chengdu . . . . . . . . . . . . . . . . 3
Nanking . . . . . . . . . . . . . . . 2A
Peking . . . . . . . . . . . . . . . .4
Shanghai . . . . . . . . . . . . . . 2A
Shengyang . . . . . . . . . . . . .4
Tihwa . . . . . . . . . . . . . . . .4
Tsingtao . . . . . . . . . . 3
Wuhan . . . . . . . . . . . . . . . 2A

Cyprus:
Nicosia . . . . . . . . . . . . . . 3

Hong Kong
Hong Kong . . . . . . . . . . . . 2A

India:
Bombay . . . . . . . . . . . . . . 3
Calcutta . . . . . . . . . . . . . . . 2A
Madras . . . . . . . . . . . . . . . l
New Delhi . . . . . . . . . . . . 3

Indonesia:
Bandung . . . . . . . . . . . . . . . . 4
Jakarta . . . . . . . . . . . . . . . . 4
Mean . . . . . . . . . . . . . . . . . 3
Surabaya . . . . . . . . . . . . . . . 4

Iran:
Isfahan . . . . . . . . . . . . . . . . 3
Shiraz . . . . . . . . . . . . . . . . . 3
Tabriz . . . . . . . . . . . . . . . . . 4
Tehran . . . . . . . . . . . . . 4

Iraq:
Baghdad . . . . . . . . . . . . . . . 3
Basra . . . . . . . . . . . . . . . . . . 1

Israel:
Haifa . . . . . . . . . . . . . . . . . . 3
Jerusalem . . . . . . . . . . . . . . 3
Tel Aviv . . . . . . . . . . . . . 3

Japan:
Fukuoka . . . . . . . . . . . . . . . 3
Itazuke AFB . . . . . . . . . . . . 3
Misawa . . . . . . . . . . 3
Naha, Okinawa . . . . . . . . . . 4
Osaka/Kobe. . . . . . . . . . 4
Sapporo . . . . . . . . . . . . . . . 3
Tokyo . . . . . . . . . . . . . . . . . 4
Wakkanai . . . . . . . . . . . . . . 3
Yokohama . . . . . . . . . . . . . . 4
Yokota . . . . . . . . . . . . . . . . 4

Jordan:
Amman. . . . . . . . . . . . . . . . 3

Korea:
Kwangju . . . . . . . . . . . . . . . . 1
Kimhae . . . . . . . . . . . . . . . . . 1
Pusan . . . . . . . . . . . . . . . . . . 1
Seoul . . . . . . . . . . . . . . . 0

Kuwait:
Kuwait . . . . . . . . . . . . . . . . . . 1

Table 3-2. Seismic zone tabulation-outside United States.
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Laos:
Vientiane . . . . . . . . . . . . . . l

Lebanon:
Beirut . . . . . . . . . . . . . . . .3

Malaysia:
Kuala Lumpur . . . . . . . . . . l

Nepal:
Kathmandu . . . . . . . . . . . .4

Oman:
Muscat . . . . . . . . . . . . . . . 2A

Pakistan:
Islamabad . . . . . . . . . . . .4
Karachi . . . . . . . . . . . . . . .4
Lahore . . . . . . . . . . . . . . . 2A
Peshawar . . . . . . . . . . . . . .4

Quatar:
Doha . . . . . . . . . . . . . . . . . . 0

Saudi Arabia:
Al Batin . . . . . . . . . . . . . . . 1
Dhahran . . . . . . . . . . . . . . . 1
Jiddah . . . . . . . . . . . . . . .2A
Khamis Mushayf . . . . . . . . . 1
Riyadh . . . . . . . . . . . . . . . . . . . . 0

Singapore
All . . . . . . . . . . . . . . . . . . . . . 1

South Yemen:
Aden City . . . . . . . . . . . . 3

Sri Lanka:
Colombo . . . . . . . . . . . . . . 0

Syria:
Aleppo . . . . . . . . . . . . . . . . . 3
Damascus . . . . . . . . . . . . .3

Taiwan:
All . . . . . . . . . . . . . . . . . . . . . 4

Thailand:
Bangkok . . . . . . . . . . . . . . . . 1
Chiang Mai . . . . . . . . . . . . 2A
Songkhla . . . . . . . . . . . . . . .0
Udorn . . . . . . . . . . . . . . . . l

Turkey:
Adana. . . . . . . . . . . . . . . . 2A
Ankara. . . . . . . . . . . . . . . 2A
Istanbul . . . . . . . . . . . . . . .4
Izmir . . . . . . . . . . . . . . . 4
Karamursel . . . . . . . . 3

United Arab Emirates
Abu Dhabi . . . . . . . . . . . .0
Dubai . . . . . . . . . . . . . . . .0

Viet Nam:
Ho Chi Minh City(Saigon) . ..0

Yemen Arab Republic:
Sanaa . . . . . . . . . . . . . . . . . . 3

ATLANTIC OCEAN AREA:

Cuba
All .. . . . . . . . . . . . . . . . 2A

Dominican Republic
Santo Domingo . . . . . . . . .3

French West Indies:
Martinique . . . . . . . . . . . . . . 3

Grenada
Saint Georges . . ..... . . . 3

Haiti:
Port au Prince . . . . . . . . . 3

Jamaica:
Kingston . . . . . . . . . . . . . . . . 3

Leeward Islands:
Al1 . . . . . . . . . . . . . . . . . . .3

Puerto Rico:
All . . . . . . . . . . . . . . . . . . 2B

Trinidad & Tobago:
All . . . . . . . . . . . . . . . . . . . . . 3

CENTRAL AMERICA:

Belize
Belmopan . . . . . . . . . . . . . 2A

Canal Zone
All . . . . . . . . . . . . . . . . . . . 2A

Costa Rica:
San Jose . . . . . . . . . . . . . 3

El Salvador:
San Salvador . . . . . . . . . . .4

Guatemala
Guatemala . . . . . . . . . . . . .4

Honduras:
Tegucigalpa . . . . . . . . . . . .3

Nicaragua
Managua . . . . . . . . . . . . . .4

Panama
Colon . . . . . . . . . . . . . . . 3
Galeta . . . . . . . . . . . . . . . 2B
Panama . . . . . . . . . . . . . . ...3

Mexico:
Ciudad Juarez . . . . . . . . . . 2A
Guadalajara . . . . . . . . . . . .3
Hermosillo . . . . . . . . . . . 3
Matamoros . . . . . . . . . . . .0
Mazatlan . . . . . . . . . . . . . . 2A
Merida . . . . . . . . . . . . . . 0
Mexico City . . . . . . . . . . . .3
Monterrey . . . . . . . . . . . . . .0
Nuevo Laredo . . . . . . . . . . 0
Tijuana . . . . . . . . . . . . . . 3

EUROPE:

Azores:
All . . . . . . . . . . . . . . . . . . . 2A

Bermuda:
All . . . . . . . . . . . . . . . . . . . . . 1

CARIBBEAN SEA:
Bahama Island:

All . . . . . . . . . . . . . . . . . . . . . 1

Albania:
Tirana . . . . . . . . . . . . 3

Austria:
Salzburg . . . . . . . . . . . . . . 2A
Vienna . . . . . . . . . . . . . . . 2A

Belgium
Antwerp . . . . . . . . . . . . . . . . 1
Brussels . . . . . . . . . . . . . . 2A

Bulgaria:
Sofia . . . . . . . . . . . . . . . . 3

Czechoslovakia:
Bratislava . . . . . . . . . . . . . 2A
Prague . . . . . . .  . . . . . . l

Denmark:
Copenhagen 1

Finland
Helsinki . . . . . . . . . . . . . . . l

France:
Bordeaux . . . . . . . . . . . . . . 2A
Lyon . . . . . . . . . . . . . . . . . l
Marseille . . . . . . . . . . 3
Nice . . . . . . . . . . . . . . . . 3
Paris . . . . . . . . . . . . . . . . . 0
Strasbourg . . . . . . . . . . . . . 2A

Germany, Federal Republic:
Berlin . . . . . . . . . . . . . . . 0
Bonn . . . . . . . . . . . . . . . . . 2A
Bremen . . . . . . . . . . . . . . . 0
Dusseldorf . . . . . . . . . . . . . ..l
Frankfurt . . . . . . . . . . . . . . 2A
Hamburg . . . . . . . . . . . . . . 0
Munich . . . . . . . . . . . . . . . l
Stuttgart . . . . . . . . . .2A
Vaihigen . . . . . . . . . . . . . . 2A

Greece
Athena . . . . . . . . . . . . . . . 3
Kavalla . . . . . . . . . . . . . . 4
Makri . . . . . . . . . . . . . . . 4
Rhodes . . . . . . . . . . . . . . 3
Sauda Bay . . . . . . . . . . . . 4
Thessaloniki . . . . . . . . . . 4

Hungary:
Budapest . . . . . . . . . . . . . . 2A

Iceland:
 3Keflavick. . . . . . . . . . . . . . . .

Reykjavik . . . . . . . . . . . . . . . 4
Ireland:

Dublin . . . . . . . . . . . . . . . . 0
Italy:

Aviano AFB . . . . . . . . . . .3
Brindisi . . . . . . . . . . . . . . . 0
Florence . . . . . . . . . . . . . 3
Genoa . . . . . . . . . . . . . . . 3
Milan . . . . . . . . . . . . . . . . 2A
Naples . . . . . . . . . . . . . . . 3
Palermo . . . . . . . . . . . . . . 3
Rome . . . . . . . . . . . . . . . . 2A
Sicily . . . . . . . . . . . . . . . . 3
Trieste . . . . . . . . . . . . . . . 3
Turin . . . . . . . . . . . . . . . . . 2A

Luxembourg:
Luxembourg . . . . . . . . . . . . . 1

Malta:
Valletta . . . . . . . . . . . . . . . 2A

Netherlands:.
All . . . . . . . . . . . . . . . . . . . 0

Norway:
Oslo . . . . . . . . . . . . . . . . . 2A

Poland
Krakow . . . . . . . . . . . . . . . 2A
Poznan . . . . . . . . . . . . . 1
Warszawa . . . . . . . . . . . . 1

Table 3-2. Continued.
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Portugal:
Lisbon . . . . . . . . . . . . . . . .4
Opporto . . . . . . . . . . . . . . . . 3

Romania
Bucharest . . . . . . . . . . . . ...3

Spain
Barcelona . . . . . . . . . . . . . 2A
Bilbao . . . . . . . . . . . . . . . . 2A
Madrid . . . . . . . . . . . . . . 0
Rota . . . . . . . . . . . . . . . . . 2A
Seville . . . . . . . . . . . . . . . . 2A

Sweden
Goteborg . . . . . . . . . . . . . . 2A
Stockholm . . . . . . . . . . . . . l

Switzerland
Bern  . . . . . . . . . . . . . . . . 2A
Geneva . . . . . . . . . . . . . . l
Zurich . . . . . . . . . . . . . . . . 2A

United Kingdom
Belfast . . . . . . . . . . . . . . . . 0
Edinburgh . . . . . . . . . . . . . l
Edzell . . . . . . . . . . . . . . . . l
Glasgow/Renfrew . . . . . . . . l
Hamilton . . . . . . . . . . . . . . l
Liverpool . . . . . . . . . . . . . . l
London . . . . . . . . . . . . . . . 2A
Londonderry . . . . . . . . . . . l
Thurso . . . . . . . . . . . . . . .1

U.S.S.R:
Kiev . . . . . . . . . . . . . . . . .0
Leningrad . . . . . . . . . . . . . 0
Moscow . . . . . . . . . . . . . . . 0

Yugoslavia
Belgrade . . . . . . . . . . . . . . 2A
Zagreb . . . . . . . . . . . . . . . . . 3

NORTH AMERICA:

Greenland
All  . . . . . . . . . . . . . . . . . . . 1

Canada
Argentina NAS . . . . . . . . . . 2A
Calgary, Alb . . . . . . . . . . . . . 1
Churchill, Man . . . . . . . . . . . 0
Cold Lake, Alb . . . . . . . . . . . 1
Edmonton, Alb . . . . . . . . . l
E. Harmon, AFB . . . . . . . . 2A
Fort Williams, Ont . . . . . 0
Frobisher N.W.Ter . . . . . 0
Goose Airport . . . . . . . . . . 1
Halifax . . . . . . . . . . . . . . 1
Montreal, Quebec . . . . . . 3
Ottawa, Ont . . . . . . . . . . . 2A
St. John’s Nfld . . . . . . . . . 3
Toronto, Ont. . . . . . . . . . . . . 1
Vancouver . . . . . . . . . . . . 3
Winnepeg, Man. . . . . . . . . . . 1

SOUTH AMERICA:

Argentina
Buenos Aires . . . . . . . . . . . 0

Brazil:
Belem . . . . . . . . . . . . . . . . 0
Belo Horizonte . . . . . . . . . 0
Brasilia . . . . . . . . . . . . . . . 0
Manaus . . . . . . . . . . . . . . . . . 0
Porto Allegre . . . . . . . . . . . 0
Recife . . . . . . . . . . . . . . . . 0
Rio de Janeiro . . . . . . . . . . . 0
Salvador . . . . . . . . . . . . . 0
Sao Paulo . . . . . . . . . . . . 1

Bolivia
La Pas . . . . . . . . . . . . . . . 3
Santa Cruz . . . . . . . . . . . 1

Chile
Santiago . . . . . . . . . . . . . . . . 4
Valparaiso . . . . . . . . . . . . 4

Colombia
Bogata . . . . . . . . . . . . . . . 3

Ecuador:
Quito . . . . . . . . . . . . . . . . . 4
Guayaquil . . . . . . . . . . . . 3

Paraquay:
Asuncion . . . . . . . . . . . . . . 0

Peru:
Lima . . . . . . . . . . . . . . . . .4
Piura . . . . . . . . . . . . . . . . . .4

Uruguay
Montevideo . . . . . . . . . . . . 0

Venezuela:
Maracaibo . . . . . . . . . . . . . 2A
Caracas . . . . . . . . . . . . . . 4

PACIFIC OCEAN AREA:

Australia
Brisbane . . . . . . . . . . . . . . . . 1
Canberra . . . . . . . . . . . . . . l
Melbourne . . . . . . . . . . . . . l
Perth . . . . . . . . . . . . . . . . . l
Sydney . . . . . . . . . . . . . . . . l

Caroline Islands:
Koror, Paulau Is. . . . . . . . . 2A
Ponape . . . . . . . . . . . . . . . 0

Fiji
Suva . . . . . . . . . . . . . . . . 3

Johnson Island
All . . . . . . . . . . . . . . . . . l

Mariana Islands
Guam . . . . . . . . . . . . . . . 3
Saipan . . . . . . . . . . . . . . . 3
Tinian . . . . . . . . . . . . . . . 3

Marshall Islands
All . . . . . . . . . . . . . . . . . . . 1

New Zealand
Auckland . . . . . . . . . . . . . 3
Wellington . . . . . . . . . . . . 4

Papau New Guinea
Port Moresby . . . . . . . . . . . . 3

Phillipine Islands:
Cebu . . . . . . . . . . . . . . . . 4
Manila . . . . . . . . . . . . . . . 4
Baguio . . . . . . . . . . . . . . . 3

Samoa:
All . . . . . . . . . . . . . . . . . . 3

Wake Island
All . . . . . . . . . . . . . . . 0

Table 3-2. Continued,
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CHAPTER 4

APPLICATION OF CRITERIA

4-1. Introduction. This chapter provides guid-
ance for the application of the criteria specified in
chapter 3. Chapter 4 is concerned with the build-
ing as a whole. Procedures for designing and
detailing of the structural elements of a building
are discussed in chapters 5 through 10. Detailed
examples for specific types of structures are in-
cluded in appendix D of this manual.

a. Expected performance. The general objectives
are approached with reference to a major level (or
maximum expected level) of earthquake ground
motion having a 10 percent probability of exceed-
ance in 50 years. This ground motion is character-
ized by a peak ground acceleration, Z, and a site
spectrum, ZC, that are functions of the fundamen-
tal period of vibration, T. ZC sets the force for a
structure that remains elastic at 5 percent of
critical damping during this ground motion. It is
impracticable to design for this level of force;
moreover, it is not necessary because a building
that is designed to reach its elastic limit at lower
force levels can survive the earthquake by yielding
and absorbing energy. SEAOC recommendations
provide criteria for structural systems that are
expected to safeguard against major failures and
loss of life at the ground motion represented by
ZC, when designed to a force level that is reduced
through a response modification coefficient, RW.
The designer must be aware that designing the
lateral force resisting elements for the reduced
force level does not, in itself, necessarily ensure
satisfactory performance. Special details for struc-
tural elements and connections are required to
enable the structure to deform beyond the elastic
limits of the materials. For buildings that may
have unusual behavior, additional design criteria
may be required to develop satisfactory perfor-
mance.

b. Overview of the design procedure. The design
procedure follows the general pattern listed be-
low–

(1) The building as a whole.
(a) Geologic conditions: Z, S. (para 4-2)
(b) Facility conditions: I, H. (para 4-3)
(c) Selection of method of analysis. (para 4-4)
(d) Selection of structural system. (para 4-5)
(e) C-factor and period: C, T. (para 4-6)
(f) Base shear and weight: V, W. (para 4-7)
(g) Principal axes of building. (para 4-8)
(h) Distribution of lateral forces. (para 4-9)
(i) Consideration of vertical

forces. (para 4-10)

(j) Detailed design requirements. (para 4-11)
(k) Deformation requirements. (para 4-12)

1. Connections. (para 4-13)
2. The diaphragms. (para 4-14)
3. The elements and compo-

nents. (para 4-15)
4. Nonbuilding structures. (para 4-16)
5. Design procedure.

(a) Planning. (para 4-17)
(b) Design. (para 4-18)

c. Basis of design. When developing seismic
design criteria, there must be consistency on both
sides of the demand versus capacity equation.
Demand represents the applied forces resulting
from the earthquake (i.e., the demands of the
earthquake). Capacity represents the ability of the
structural elements to resist the earthquake forces
(i.e., the capacity of the structure). The basis for
earthquake design is to supply sufficient capacity
to satisfy the demands, that is, capacity equal to
or greater than the demand. There are three
general bases of design that are used in seismic
design:

(1) Allowable stress. For this basis of design,
the demands of the earthquake are reduced to a
level that is consistent with working stress or
service level procedures for calculating capacity.
The factor RW is used to reduce the site spectrum
to a building design spectrum, with the subscript
w representing working stress. For steel (under
ASD) and wood, capacities are calculated on the
basis of allowable stresses, which are set at some
fraction of the strength of the material. For rein-
forced concrete, the demand is increased by load
factors because capacities are calculated on a
strength basis, and the load factors are set so that
the basis of design is consistent with the working-
stress basis for the other materials. This working-
stress procedure is the basis for seismic design
used in this manual.

(2) Strength. For this basis of design, the
demands of the earthquake are reduced to a lesser
degree for consistency with the strength basis for
calculating the capacity of the structural elements.
The factor R is used to reduce the site spectrum,
and no load factors are applied to the seismic
demand. (RW is approximately equal to 1.5R.) This
is the basis of design that was used for Applied
Technology Council document ATC 3–06 which
was the forerunner of the National Earthquake
Hazard Reduction Program (NEHRP) seismic de-
sign provisions Federal Emergency Management
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Agency (FEMA 95). For reinforced concrete, mem-
ber capacities are calculated on the strength basis,
in the same way they are under the working-stress
basis of design, but R is used rather than RW, and
there is no load factor. For the other materials,
which do not as yet have strength procedures,
member capacities are calculated on a working-
stress basis but with higher allowable stresses
which are intended to be consistent with the use of
R rather than RW. It can be expected that when
strength procedures are developed for wood, steel,
and masonry, the working-stress basis will be
abandoned. It should be noted that TM 5–809–10–1/
NAVFAC P-355.l/AFM 88-3, Chap 13, See A uses
a strength basis for meeting the demand of EQ–I.
There is no reduction factor R, but EQ–I is a
smaller earthquake than that assumed in the
other bases of design, and some yielding of struc-
tural elements is accepted.

(3) Performance. For this basis of design, there
is no reduction of the forces associated with the
site spectrum, but the structure is evaluated for its
ability to absorb energy, deform inelastically, and
exhib i t  duct i le  behavior .  TM 5-809-10-1 /
NAVFAC P-355.1/AFM 88-3, Chap 13, See A uses
this basis of design for meeting the demand of
EQ-II.

4-2. Site conditions. Guidance on the determina-
tion of Z and S is given in the following para-
graphs.

a. Zone factor. The Z-factor represents the seis-
micity of the site. It is a measure of the effective
peak ground acceleration having a 10 percent
probability of exceedance in 50 years. The value of
Z ranges from 0.40 in Seismic Zone 4 to 0.075 in
Zone 1. The Z values and the seismic zone map are
obtained from chapter 3. The SEAOC Seismic Zone
2 has been subdivided for assignment of the
Z-factor: Zone 2A on the map, in the eastern and
midwestern states, uses Z = O. 15; Zone 2B on the
map, in the western states, uses Z = 0.20. The
other SEAOC requirements for Zone 2 apply to
both Zone 2A and Zone 2B on the map.

b. Soil factor. The value of S is determined from
the characteristics of the soil profile at the build-
ing site. The soil profile will be established from
properly substantiated geotechnical data, and the
S-factor will be determined from SEAOC Table
l-B. Generally, the value of S will vary from 1.0
to 1.5. In special cases it may be equal to 2.0.

(1) When geotechnical data are not available,
the S-factor will be taken as 1.5.

(2) The S4 profile was established in recogni-
tion of the potential for soft site effects such as
those that exist in portions of Mexico City and
those that were experienced to a lesser extent in
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some areas of the San Francisco Bay Area during
the October 17, 1989, Loma Prieta earthquake.
Soft sites such as filled-in lake beds or filled-in
waterfront property may exhibit characteristics
that amplify earthquake ground motion in the
moderate-to-long structural period range (e.g., 1.0
to 3.0 seconds). When there is evidence that such a
condition may exist, a geotechnical investigation
will be required. Refer to SEAOC 1D8b(4) and
lF2d.

4-3. Facility conditions. The building occupancy
and height categories are required at the initial
stages of seismic design.

a. The occupancy categories are defined in
SEAOC Table 1-C as modified in chapter 3. The
importance factor, I, is determined from SEAOC
Table l-D.

b. The height of the building, H, is involved in a
number of system limitations. Height limits that
trigger various requirements are 65, 120, 160, and
240 feet, as shown in SEAOC Table 1–G and other
parts of SEAOC.

4-4. Selection of method of analysis. The
SEAOC recommendations prescribe two lateral
force procedures (SEAOC 1D8): one is the static
lateral force procedure; the other is the dynamic
lateral force procedure. As will be seen in the
summary below, most structures will be designed
by the static lateral force procedure of SEAOC lE.
Structures that do not qualify for the static lateral
force procedure will require a dynamic analysis.
Instead of using the provisions of SEAOC lF, the
dynamic analysis will be done according to TM
5-809-10-1/NAVFAC P-355.1/AFM 88-3, Chap
13, See A. All structures located on Soil Profile
Type S4 and having a period greater than 0.7
seconds, will have a dynamic analysis. The other
provisions of SEAOC 1D8 are summarized below.

a. Zone 1. The static procedures of SEAOC lE
may be used for all structures unless in soil S4 and
period greater than 0.7 seconds.

b. Zone 2, Occupancy Category IV. The static
procedures of SEAOC lE may be used for all
structures unless in S4 and period greater than 0.7
seconds.

c. Zone 2, Occupancy Categories I, II, and III.
The same provisions as used in Zones 3 and 4.

d. Zones 3 and 4. The static procedures of
SEAOC lE may be used for the following struc-
tures.

(1) Regular structures under 240 feet in
height with lateral resistance provided by systems
listed in SEAOC Table l–G, unless in S 4 a n d
period greater than 0.7 seconds.
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(2) Irregular structures not more than 5 sto-
ries or 65 feet in height.

(3) Structures having a tower on a platform,
as defined in SEAOC lD8a(4).

4-5. Building systems.
a. Space frame. Basic to understanding the

structural systems is the concept of the space
frame. The term space frame refers to the three-
dimensional assemblage of structural elements. A
complete space frame is one that consists of beams
and columns that carry all of the gravity loads.
When some of these frame elements are designed
to resist seismic forces as well, the designated

elements make up the frames that become the
moment frames of the lateral force resisting sys-
tem. Refer to figure 4–1. In an “incomplete” space
frame, some frame elements are missing and floor
framing is carried by shear walls or braced frames
that are part of the lateral force resisting system.
In other words, if the walls and braces are re-
moved there will not be a complete gravity support
system.

b. Structural systems.
(1) Bearing wall system (category A, SEAOC

Table l-G). This system is characterized by shear
wall or braced frame lateral force resisting ele-
ments that also support vertical loads (i.e., gravity

Figure 4–1. The space frame and the designated seismic moment resisting frame.
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loads). If these elements fail due to lateral loads,
there will be a loss of the vertical load capacity of
a portion of the structure that can lead to a partial
collapse or to vertical instability of the building.

(2) Building frame system (category B,
SEAOC Table l-G). This system consists of a
complete vertical load carrying space frame, with
lateral load resistance provided by braced frames
or nonbearing shear walls. This definition requires
that the vertical load carrying frame be essentially
complete. However, some exceptions are accept-
able, such as minor load bearing walls around a
stairwell if they do not significantly influence the
lateral force characteristics or the vertical load
capacity of the building. Also, basement walls
below the level considered the base of the building
may be bearing for loads originating at that level.
The test for qualifying as a vertical load carrying
space frame is to determine whether or not the
building can support the vertical loads if the shear
walls or braces are seriously damaged during an
earthquake. While there is no requirement to
provide lateral resistance in the vertical load
framing, it is strongly recommended that nominal
moment resistance be incorporated in the vertical
load frame design. In structural steel, this might
be in the form of nominal moment resisting beam
flange and/or web connections to the columns. In
reinforced concrete, the nominal moment resis-
tance inherent in cast-in-place concrete may be
considered sufficient to qualify for this system,
while most types of precast concrete systems would
not.

(3) Moment resisting frame system (category
C, SEAOC Table l-G). The lateral force resisting
systems are moment resisting frames. As in the
case of the building frame system, the vertical
load carrying frame must be essentially complete.
The moment resisting frames must be capable of
resisting the entire lateral force.

(4) Dual systems (category D, SEAOC Table
1-G), Dual systems are interactive combinations of
shear walls or braced frames with moment frames.
Generally, for tall buildings with a dual system,
the shear walls, if they were to act independently,
would deflect as vertical cantilevers, with greater
interstory displacements occurring at the top,
while the frames would deflect at a more uniform
rate or with greater interstory displacements at
the bottom (see fig 4-2). Usually in buildings that
have a dual system, the diaphragms are rigid.
With rigid diaphragms there is a forced compati-
bility of frame and wall deflection at each story,
and this induces interaction forces between shear
walls and frames. The pattern of these forces is
such that the shear walls tend to support the
frame at the lower stories and the frame tends to
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support the shear walls at the upper stories. In
order to qualify as a dual system, the vertical load
carrying space frame must be substantially com-
plete. Special details are required according to the
R W value and seismic zone. The shear wall or
braced frame and moment resisting systems will
conform to both of the following criteria—

(a) The frame and shear walls or braced
frames shall resist the total required lateral force
in accordance with relative rigidities considering
the interaction of the walls and frames as a single
system. This analysis shall be made in accordance
with the principles of structural mechanics consid-
ering the relative rigidities of the elements and
torsion effects in the system. Deformations im-
posed upon members of the frame by the interac-
tion with the shear wall or braced frame shall be
considered in this analysis.

(b) The special moment resisting frame act.
ing independently shall be capable of resisting not
less than 25 percent of the total required lateral
force, including torsion effects. Columns of the
frame system may also function as the boundary
elements of shear walls. As such, these columns
must be designed to resist the vertical forces
resulting from overturning moment in the shear
wall along with the load effects associated with
the frame system,

(5) Undefined systems. Undefined systems are
those not listed in SEAOC Table l–G; they are
assigned to category E in the table. This category
includes such structures as A-frames, three-hinged
arches, and rigid frames of wood. Such structures
must have their basis of design justified in accord-
ance with SEAOC 1D9b.

c. Rw-factor. Each of the four categories A, B, C,
and D has a set of systems that are defined by
their materials and characterized by a particular
response modification coeficient, RW. The &-
factor represents the type of structural system and
the nature of the structure itself. The value of RW,
which is obtained from SEAOC Tables 1–G and
l-I, varies from 4 to 12 for buildings and from 3 to
5 for nonbuilding structures. Buildings that are
considered to possess considerable inelastic defor-
mation ability and/or have inherent redundancy
are assigned the higher RW values. Buildings that
tend to be more brittle and lack redundancy are
assigned the lower RW values. Damping, to a
certain extent, is also considered in the RW value.
Whereas buildings generally have a multiplicity of
nonstructural and noncomputed resisting elements
that effectively increase the resistance of the
structure, structures other than buildings (i.e.,
nonbuilding structures) generally do not have such
elements or have low damping characteristics and
are assigned lower RW values. Although the selec-
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a.) SHEAR WALL ACTING
INDEPENDENTLY (deflec-
tion shown for total
building forces)

b.) MOMENT FRAME ACTING
INDEPENDENTLY (deflec-
tions allow for 25% of
total building forces)

DISPLACEMENTS IN FEET
Figure 4–2. Dual-system deformations.

tion of the RW value is generally a simple process,
for some buildings it may be complicated by
unusual combinations of materials, height limita-
tions, and special detailed system design require-
ments.

d. System limitations. System limitations in-
volve building configuration, vertical and plan
irregularities, combinations of systems, and height
limits.

(1) Configuration requirements. The designer
is required to designate the structure as either
regular or irregular (SEAOC 1D5). Irregular fea-

c.) DUAL SYSTEM SHEAR
WALL AND MOMENT
FRAME LINKED TOGETHER
BY RIGID DIAPHRAGMS.

(deflection shown for
total building forces)

tures include, but are not limited to, those de-
scribed in SEAOC Tables 1–E and l–F. The
irregularity of a building should be obvious: the
definitions given in the tables were developed only
to meet a need for definite limits. The designer is
not expected to make these calculations routinely,
but only when needed to resolve doubts in mar-
ginal cases. Irregularities have certain conse-
quences that are summarized below. It should be
noted that where dynamic analysis is mentioned it
is a general requirement, but most buildings are
exempted under SEAOC 1D8.
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(2) Vertical irregularities (SEAOC Table l-E).
(a) Stiffness. Note the exception of SEAOC

lD5b(1). The presence of a stiffness irregularity
requires dynamic analysis, except for buildings
exempted under SEAOC 1D8.

(b) Weight. Note the exception of SEAOC
1D5b(l). The presence of a weight irregularity
requires dynamic analysis, except for buildings
exempted under SEAOC 1D8.

(c) Geometry. Geometric irregularities re-
quire dynamic analysis, except for buildings ex-
empted under SEAOC 1D8.

(d) Discontinuities. In-plane discontinuities
in buildings in Zones 2, 3, and 4 invoke the
overturning requirements of SEAOC lE7b.

(e) Weak stories, Weak stories invoke the
system limitations of SEAOC lD9a.

(3) Plan irregularities (SEAOC Table l-F).
(a) Torsion invokes the requirement for am-

plification of accidental torsion of SEAOC lE6d,
the orthogonal effects of SEAOC lH1c, and, in
Zones 3 and 4, the diaphragm requirements of
SEAOC lH2j(4).

(b) Re-entrant corners invoke the dia-
phragm requirements of SEAOC lH2j(4) and (5).

(c) Diaphragm discontinuity in Zones 3 and
4 invokes the diaphragm requirement of SEAOC
1H2j(4).

(d) Out-of-plane offsets invoke, in Zones 2,
3, and 4, the overturning requirements of SEAOC
lE7b and, in Zones 3 and 4, the diaphragm
requirements of SEAOC lH2j(4).

(e) Nonparallel systems are subject to the
requirements of SEAOC 1H1c concerning orthogo-
nal effects.

(4) Combinations of structural systems. A
building can utilize two or more systems in combi-
nation. Combinations may be horizontal or vertical
or both. An example of a vertical combination is a
building having shear walls in a base structure
with a moment frame tower above. A horizontal
combination means different systems in the two
directions (e.g., moment frames in one direction
and shear walls in the other). Each direction
(system) is treated individually, with due regard
for effects that result from interaction, such as
torsional effects.

(a) Vertical combinations. Generally the RW

value is constant throughout the height of the
building. When a change of structural system does
occur (e.g., a steel frame on concrete shear walls, a
wood box system on a concrete box system), the RW

value at the lower level cannot be greater than the
RW value of the system above, and special consid-

eration must be given to the transition from one
system to the other to ensure sufficient load
transfer capacity and inelastic deformation capa-
bility. Refer to SEAOC 1E3a.

(b) Combinations in plan. The lateral load
resisting system parallel to one axis may be
different from that along the other axis (e.g., shear
walls or braced frames in the north-south direction
and moment frames in the east-west direction).
There is an important restriction relating to bear-
ing wall systems: if the structural system in one
direction is a bearing wall system (category A in
SEAOC Table l-G), then no matter what the
system is in the other direction, the RW used in
that other direction may not be greater than the
value prescribed for the bearing wall system. For
example, a concrete bearing wall system in the
north-south direction (system A2a, SEAOC Table
l–G, RW = 6) and a steel special moment resisting
frame (SMRF) in the east-west direction (system
C1a, SEAOC Table 1-G, RW = 12) will require RW

= 6 in both directions. Refer to SEAOC 1E3b. In
SEAOC, this applies to Seismic Zones 3 and 4. For
this manual it will apply to all zones.

(5) Height limits. In Seismic Zones 3 and 4,
some approved structural systems are restricted by
height limitations. For example, buildings over
160 feet in height must be special moment resist-
ing frames or dual systems of steel or concrete
with SMRF. Refer to SEAOC Table 1–G for appli-
cable height limits. Note the exceptions of SEAOC
1D7.

4-6. C-factor and the building period, T.
a. General. For a given value of the site coeffi-

cient, S, the factor C is dependent on the period of
vibration, T, of the structure, as shown in SEAOC
equation 1–2. Table 4-1 gives values of C as a
function of T for four site profiles (Sl, S2, S3, and
S4. Figure 4-3 illustrates the relationship of C to
T graphically. The plateau of the plot shown in
figure 4-3 represents the maximum value of C,
which is 2.75. The period of vibration is the time
required for one complete cycle of oscillation of an
elastic structure in a particular mode of vibration.
The building period referred to in the seismic
provisions of this manual is the fundamental
period of vibration for each of the two transla-
tional directions of the building (the transverse
and the longitudinal). The value of T may be
determined by Method A or Method B. Method A
may be used for all buildings, without qualifica-
tion. There are limitations on the use of Method B.
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PERIOD
T

Seconds

0.25

0.30

0.35

0.40

0.45

0.50

0.60

0.70

0.80

0.90

1.00

1.10

1.241

1.30

1.40

1.50

1.75

2.00

2.50

3.00

3.50

4.00

C= 1.25S/T2/3

S l=l .00 S2= 1.20 S3 = 1.50 S4 = 2.00

2.75 2.75 2.75 2.75

2.75 2.75 2.75 2.75

2.53 2.75 2.75 2.75

2.31 2.75 2.75 2.75

2.13 2.56 2.75 2.75

1.99 2.39 2.75 2.75

1.76 2.11 2.64 2.75

1.59 1.90 2.38 2.75

1.45 1.74 2.18 2.75

1.34 1.61 2.01 2.68

1.25 1.50 1.88 2.50

1.17 1.41 1.76 2.35

1.11 1.33 1.66 2.21

1.05 1.26 1.57 2.10

1.00 1.20 1.50 2.00

0.95 1.14 1.43 1.91

0.86 1.03 1.29 1.72

0.79 0.94 1.18 1.57

0.68 0.81 1.01 1.35

0.60 0.72 0.90 1.20

0.54 0.65 0.81 1.08

0.49 0.59 0.74 0.99

Table 4–1. C us T for S1, S2, S3, and S4.

b. Method A. To calculate T by Method A, only exceed for C to be less than 2.75. If only Method A
the height of the building (hn) and the value of Ct

need be known for use of SEAOC equation 1–3. Ct

is determined from the type of lateral force resist-
ing system (e.g., steel moment frame, reinforced
concrete moment frame, eccentric braced steel
frame). An alternative for concrete or masonry
shear wall systems may be used (SEAOC eq 1-4) if
the shear wall dimensions are known.

c. Low-rise buildings. Short buildings have short
periods of vibration. Without any calculation, it
can be assumed that C equals 2.75 (the maximum
value). Table 4-2 gives the value that T must

is used, table 4-3 may be used to estimate the
height that the building must exceed to have C
less than 2.75 for each of the values of Ct i n
SEAOC equation 1–3. For example, if a reinforced
concrete special moment resisting frame building
(Ct = 0.030) with an S-factor equal to 1.5 is 50 feet
in height, by Method A, C equals 2.75 (table 4-3).
However, if Method B is used and T is calculated
to be greater than 0.56 second (table 4–2), C may
be less than 2.75. But in no case can the value of
C be less than 80 percent of 2.75 (that is, the
minimum value of C is 2.2).
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3

2.5

2

1.5

1

0.5

0

Building Period T (Sec.)
Figure 4-3. C vs T.

S o i l  P r o f i l e S 1
S2 S3 S 4

S i t e  C o e f f i c i e n t ,  S 1 .0 1 .2 1.5 2 . 0

Period T* (see) 0.31 0 .40 0.56 0.87

* I f  t h e  s t r u c t u r e  p e r i o d  i s  l e s s  t h a n  t h i s  v a l u e ,  C  =  2 . 7 5 .  I f
i t  i s  g r e a t e r ,  C  < 2 . 7 5 . (See SEAOC Formula 1-2.)

Table 4-2. Value of T to be exceeded for C to be less than 2.75 when using Method A.

S i t e  C o e f f i c i e n t ,  S 1 . 0 1 . 2 1 . 5 2 . 0

C t=0.035 18 26 40

h n

72**
C t=0.030

( f t )
23 32 50 90

C t=0.020 38 54 85 150

* * I f  h e i g h t  o f  b u i l d i n g  i s  l e s s  t h a n  t h i s  v a l u e ,  C  =  2 . 7 5 .  I f
greater, C <2.75 (see SEAOC Formulas 1-2 and 1-3)

h n = 0 . 2 0 7  S2/ Ct

4 / 3

Table 4-3. Height to be exceeded for C to be less than 2.75 when using Method A.
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d. Method B. When SEAOC equation 1-5 is
employed (see fig 4-4), the most difficult challenge
is the determination of the story displacements,
delta i. The story weights, wi, are relatively simple
to estimate, and almost any set of story forces, f i,
can be used (for example, the inverted triangular
distribution obtained from SEAOC equation 1-8
usually gives good results), but the corresponding

lateral story displacements must be calculated.
The basic objective must be a realistic approach to
calculating the actual period—rather than the
manipulation of the structural model so as to
obtain a “calculated” but nonvalid long period and
low base shear. For simple structures, the lateral
displacements required for SEAOC equation 1-5
can be obtained by hand calculation methods. For

Figure 4-4 Period calculation by Method B.
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T used for Ft will be consistent with the T used for
the value of C.

(1) If the value of C is obtained by using T
from Method A, then T from Method A will be
used for calculating Ft.

(2) If the value of C is obtained by using T
from Method B, without triggering the 80 percent
limit in SEAOC 1E2b(2), then T from Method B
will be used for calculating Ft.

(3) If the value of C is limited by 80 percent of
the value obtained from Method A, then T will be
determined by reversing SEAOC equation 1-2 to
solve for the value of T:

T = (1.25 S/C)3/2 (eq 4-1)
where C is 80 percent of the value obtained by
using T from Method A. Note that the value of T
will he greater than that obtained by Method A
and less than that obtained by Method B.

4-7. Base shear. For most buildings, seismic de-
sign utilizes the static lateral force procedure, in
which the dynamic response of the building is
represented by an equivalent static lateral force.
The base shear, the total lateral force on the
building, is discussed in this paragraph; the distri-
bution of this force over the height of the building
is discussed below.

1.4

1.2

1

0.8

0.6

0.4

0.2

0

a Design base shear equation. The design base
shear, V, may be expressed by the equation

V=CS x W (eq 4-2)
where

CS = the design base shear coefficient = V/W
W = the weight of the building

The design base shear coefficient of SEAOC equa-
tion 1-1 may be written

CS = (ZC/RW)I (eq 4-3)
where

ZC = the site spectrum
RW = the response modification factor
I = the importance factor
b. Site spectrum. The site spectrum is ZC, where

Z is the zone factor. C = 1.25 S/T2/3, from SEAOC
equation 1-2, where S = the site soil factor and
T = the building period. Thus,

ZC = (1.25 Z S/T2/3) (eq 4-4)
Recognizing that a spectrum is a function of
period, T, we call the quantity ZC, when plotted
against period for a particular site with known
values of Z and S, the site spectrum. A sample plot
is shown in figure 4-5.

c. Building design spectrum. The site spectrum,
ZC, would be used for design if the building were
expected to remain elastic in the design event.
Usually, however, we utilize the ductility and

0 1 2 3 4 5

Building Period T (Sec.)
Figure 4-5. Sample site spectrum.
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energy-absorbing characteristics of known struc- For example, in figure 4-6, for T= 0.56, ZC/RW =
tural systems to allow elastic design at a lower 0.11. The design base shear is determined from
force level with the expectation of acceptable SEAOC equation 1-1, which may be written
performance in the design event at a post-yield, (ZC/RW)IW. The value of the factor I is determined
nonlinear, inelastic level. This is accomplished by from the occupancy categories of SEAOC Table
means of the response modification factor, RW. The l–C. The values range from 1.0 to 1.25. Examples
building base shear coefficient is ZC/RW. The RW- of various occupancy categories are given in chap-
factor represents the ability of the structural ter 3. When there is some doubt regarding the
system to dissipate energy without collapse while proper value of the I-factor, the decision will be
subjected to loads in excess of strength limits. The made by the Agency Proponent. The factor W is
RW values of SEAOC Table 1-G were selected by a the weight of the building as defined in SEAOC
consensus process based on past observations and 1C and discussed in the following paragraph.
judgment of the code-writing committee. They e. Weight. W, the total dead load and applicable
bring the base shear spectrum down to a level portions of other loads, represents the total mass
consistent with design forces used in past codes. of the building. It includes the weight of the
When one of the basic structural systems is se- structural slabs, beams, columns, and walls, as
lected, the RW-factor is determined and the build- well as nonstructural components such as parti-
ing base shear coefficient (ZC/RW) can be plotted tions, ceilings, floor topping, roofing, fireproofing
against period. Figure 4-6 is a sample building
design spectrum.

material, and fixed electrical and mechanical
equipment. When partition loads are included in

d. Design base shear. To develop a trial design the design, their estimated weights will be used,
for a particular structure, create a building design but the value will not be less than 10 pounds per
spectrum for the chosen system characterized by square foot of floor space, Miscellaneous items
RW. The period, T, of this structure is calculated, such as ducts, typical piping, and conduits can be
and for that value of T, the building design covered by an additional 1 or 2 pounds per square
spectrum gives a base shear coefficient of ZC/RW. foot. In storage areas, 25 percent of the design live

0.15

0.1

0.05

0
0 1 2 3 4 5

Building Period T (Sec.)
Figure 4-6. Sample building design spectrum.
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load shall reincluded in the seismic weight W. In
areas of heavy snow loads, some or all of the
design snow load must be included. At the initial
stage of design, the estimated weights of the
structural members will be used. After the final
sizes of structural members are selected, the ac-
tual weights must be compared with the estimated
weights. In addition to determining the overall
weight W, the designer must determine tributary
weights that are to be assigned to each floor, and
also how these are to be distributed horizontally in
the plan of the floor. Therefore, the calculations
for W must be done in an orderly manner so that
these tributary weights and their plan distribu-
tions can be accounted for.

(1) Vertical distribution. For vertical distribu-
tion, the weight wX that contributes to story level
x is calculated separately for each floor (refer to
SEAOC 1E4). This generally includes the weight
of the complete floor system, plus one-half the
weight of the story walls and columns above the
floor level and one-half of the weight of the story
walls and columns below the floor level. If parti-
tions are laterally supported top and bottom, their
weight is divided between the two floor levels;
however, if the partitions are freestanding, the
total weight is included with the supporting floor
level. Note that this discussion relates to the
building as a whole: diaphragms are designed on
a different basis.

(2) Horizontal distribution. The horizontal dis-
tribution of weight at each floor level is required
in order to calculate the center of mass (SEAOC
1E5) and the diaphragm forces (SEAOC lH2j). The
weight of the diaphragm and the elements tribu-
tary thereto (designated WPX in SEAOC eq 1-11)
include the floor system, tributary weights of walls
and partitions, and other elements attached to the
diaphragm. When designing diaphragms, it is as-
sumed that lateral forces due to the weights of the
shear walls stay in plane and need not be included
in the analysis of the diaphragm that acts in the
same direction. If, however, there is a vertical
discontinuity in the vertical elements of the lat-
eral force resisting system (e.g., if a wall does not
extend to the base but stops at an upper level or
has a reduction in stiffness), then the diaphragm is
required to redistribute lateral forces. See SEAOC
lH2j(l)(b). The horizontal distribution generally
consists of a combination of uniform and concen-
trated weights along the length of the floor plus
concentrated weights tributary to the shear walls
at the shear walls (see fig 4-7).

(3) Summation. The sum of the horizontal
distribution of weights (in each direction of mo-
tion) will be equal to the story weight, and the

sum of the story weights will equal the total
weight W of the building, except that the bottom
half of the first story generally distributes itself
directly to the base and is not required to be
included in the weight W (fig 4-3).

f. Snow loads. When the ground snow load is 30
psf or less, the effects of snow will not be combined
with the seismic effects. When the ground snow
load is greater than 30 psf, the effects of snow will
be combined with the seismic effects. When snow
and seismic effects are combined, 25 percent of the
balanced snow load (i.e., 25% of the flat or sloped
roof snow load) will be included. Unbalanced loads,
drift loads, sliding snow, and rain-on-snow need
not be included. For the seismic provisions, snow
is considered an additional weight.

g. Wind loadS. When wind governs, structures
are ordinarily designed to remain elastic with
stresses at an allowable level. Where seismic loads
govern, structures are designed with ductile sys-
tems and increased loads on nonductile elements;
the structures are expected to survive actual
earthquake forces about three times as large as
the design forces. This difference in approach
reflects the relatively longer return period of the
design earthquake compared with the design wind;
accordingly, wind and seismic design are not com-
parable. The question of which loading governs
arises in zones of low seismicity. As a rule, seismic
loading should not be ignored unless the seismic
base shear is less than one-third of the total wind
force on the building.

h. The quantity 3(Rw/8) The building base shear
coefficient (ZC/Rw) represents a force level for
design, using ductile systems that are expected to
have acceptable performance. As discussed in para-
graph c above, the building base shear coefficient
is obtained from the site spectrum ZC by means of
the reduction factor Rw. During the earthquake,
the building behaves in an inelastic manner such
that the period lengthens, damping increases,
other dynamic characteristics change, and the
building will be subjected to forces less than those
represented by ZC. The code implies that the
forces will be reduced to about 3/8 ZC. Thus, the
level of force and deflection that should be ex-
pected in the earthquake is approximately 3RW/8
times design or three times that used in the design
of a basic frame building with an RW = 8. For
components and connections that do not have the
ductility of the system represented by RW, there is
a trade of strength for ductility such components
and connections are designed to have sufficient
strength to withstand a higher force level. The
SEAOC requirement is to modify the design loads
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Figure 4-7. Tributary weights at a story.

by a factor that is three times RW/8. There are a multiplier in the load combinations for discontin-
several areas in which 3(RW/8) should be consid- uous elements subject to overturning (SEAOC
ered. lE7b), steel columns in frames (SEAOC 4D1), and

(1) Defections. The story drift limits of in the design forces for exempted braced frames in
SEAOC 1E8 are design requirements for seismic low steel buildings (SEAOC 4G4).
systems, but the designer should be aware that in (3) Connections. The 3(RW/8)-factor appears as
an earthquake drifts, of 3(RW/8) times the calcu- a multiplier on the design forces for certain con-
lated drift can be expected. This is recognized in nections, for example, girder-column connections of
the requirements for deformation compatibility steel ordinary moment frames (SEAOC 4E) and
(SEAOC lH2d) and building separations (SEAOC special moment frames (SEAOC 4F1M2)), and the
1H21), and it should be recognized when detailing braces and related elements of light framed wall
nonstructural items such as windows. systems (SEAOC 4I3). The requirements for con-

(2) Design forces. The 3(RW/8)-factor appears as nections of bracing in braced frames (SEAOC
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4G2(a) depend on whether or not the higher force
level is used.

(4) Other cases. The 3(RW/8)-factor appears in
other detailed requirements related to the basic
categories in the foregoing paragraphs; for exam-
ple, in eccentric braced frames, the limitation on
the rotation of the link beam is tied to frame
deflection at 3(RW/8) times the drift due to the
prescribed seismic forces (SEAOC 4H11b). In some
cases, basic requirements are relaxed if the higher
force level is provided for. Requirements concern-
ing girder-column joint restraint are modified in
SEAOC 4F7a(2)(d) and 4F7b(1)(a). The basic re-
quirement of SEAOC 4G1c relating to the distribu-
tion of tension and compression braces in a line of
bracing is modified by an exception to the require-
ment when the compression bracing acting alone
has the strength for the higher force level.

4-8. Direction of forces. In general, the horizon-
tal design earthquake forces are applied noncon-
currently in the direction of each of the main axes
of the structure (SEAOC 1E1). In some cases a
more severe condition may occur when the forces
are applied in a horizontal direction not parallel to
the main axes. The corner column of a building
with a perimeter frame is an example of such an
element. For some elements of a building the
effects of concurrent motion about both principal
axes should be investigated. These orthogonal
effects are covered by SEAOC 1H1c. In the case of
irregular buildings, the critical directions are de-
termined by a process of iteration. The analysis is
begun with any convenient pair of directions and
is repeated until the critical directions are found.

a. Buildings. An independent design about each
of the principal axes will generally provide ade-
quate resistance for forces applied in any direction.
Special consideration must be made at outside
corners and re-entrant corners for the vulnerable
effects of concurrent motions about both principal
axes.

b. Structures other than buildings. For nonbuild-
ing structures circular in plan, such as tanks,
towers, and stacks, the design should be equally
resistant in all directions. For four-legged struc-
tures substantially square in plan, 70 percent of
the prescribed forces should be applied concur-
rently in the directions of the two principal axes,
especially for purposes of designing for overturn-
ing effects on columns and foundations.

4-9. Distribution of forces. The total lateral
force is distributed throughout the building in a
manner that simulates the behavior of the build-
ing during an earthquake.

a. Path of forces. All of the inertia forces origi-
nating from the masses on and within the struc-
ture must be transmitted from their source to the
base of the structure (see figs 4-8 and 4-9).

(1) Forces normal to the plane of a wall must
be transferred either vertically to the floors above
and below or horizontally to columns that are
capable of transferring the forces vertically to the
floors above and below. Normal walls are treated
as elements of structures. The design forces will be
governed by SEAOC equation 1-10.

(2) Diaphragms acting as horizontal beams
must transfer inertia forces to the frames and/or
shear walls. The design forces will be governed by
SEAOC equation 1-11. The distribution of these
forces is discussed in paragraph d.

(3) Frames and shear walls must transfer
forces contributed from the diaphragms as well as
their own inertia forces to the foundations. The
design forces will be governed by SEAOC equa-
tions 1-1, 1–6, and 1–8.

(4) Forces applied to the foundations by the
shear walls and frames must be transmitted into
the ground. See chapter 10 for design of founda-
tions.

(5) Connections between all elements must be
capable of transferring the applied forces from one
element to another. Special design requirements
for connections are reviewed in paragraph 4–13.

b. Vertical distribution of base shear. The total
lateral force on the building is resisted by a shear
and a moment at the base. Instead of calculating
the forces and finding the base shear as the sum of
these forces, the base shear is calculated (by
SEAOC eq l-l) and this force is distributed over
the height of the building (by SEAOC eq 1-6. The
application of seismic forces to a building is shown
in figure 4–10. A sample format for determining
story forces is shown in table 4–4. The procedure
given is based on the assumption of a uniform
building and is aimed at a reasonable evaluation
of the relative maximum story shear (e.g., column
(9) in table 4-4) envelope that will occur.

(1) Regular buildings with T equal to or less
than 0.7 second. When the period of the building is
equal to or less than 0.7 second, Ft will be equal to
zero. Then SEAOC equation 1-8, the vertical
distribution equation, will reduce to the following:

wxhx

Fx=      V (eq 4-5)
n

Σ w ih i

i=l
The story force Fx is distributed horizontally at
level x in proportion to the weight distribution at
that level (refer to fig 4–10).

(2) Regular building with T greater than 0.7
second. When the period” of the building is greater
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*Note: Example shows flexible diaphragm. For rigid diaphragm, relative rigidities and torsion will be considered.

Figure 4-8. Path of forces.

than 0.7 second, a lateral force, Ft, is applied to
the top level of the structure, usually the roof. F t

equals 0.7T times the lateral force V, as deter-
mined by SEAOC equation 1-7. Ft will vary from
5 percent (T = 0.7 second) to 25 percent (T = 3.6
seconds) of the lateral force V. The value of T is
discussed in paragraph 4-6g. The remaining por-
tion of the force (V - Ft is distributed throughout
the height of the structure in accordance with

SEAOC equation 1-8. The total applied force at
the top level of the structure will be Ft + Fn,
where Fn is the value of F obtained from SEAOC
equation 1-8 for the top level n (see fig 4-10).

(3) Additional comments on Ft The rationale
for Ft is based on the following assumption: For
buildings with periods greater than 0.7 second
(e.g., tall and/or flexible structures), the combined
mode shape may depart from the straight-line
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Figure 4-9. Transfer of forces to ground

assumption (eq 4-3), and the effects of higher stories; however, in some cases the strict
modes of vibration may become more significant. tion of Ft may result in excessive forces

applica-
for roof

To account for this, a greater portion of the lateral diaphragms and excessive overturning moments at
force is assigned to the top of the structure by use foundations. To lessen these effects for dia-
of Ft from SEAOC equation 1-7. This additional phragms, SEAOC 1H2j places a limit of 0.75ZIWPX

force is intended to increase the shear force and on the required diaphragm force. A better approxi-
the equivalent story acceleration at the upper mation of the force distribution may be made by
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Figure 4-10. Seismic forces.

using the principles of dynamics, which include mass distribution, and the principles of dynamics.
the significant modes of vibration (see below). c. Overturning. The overturning effects are de-

(4) Irregular structures. For structures with termined by applying the story forces obtained
irregular configuration or framing systems, the from SEAOC equations 1-7 and 1-8, as illustrated
lateral force distribution procedures for uniform in table 4-4 and figure 4–10. The structure must
buildings that are described above and prescribed resist these forces in accordance with SEAOC 1E7.
by SEAOC equations 1–7 and 1-8 are not applica- Other loading provisions related to overturning
ble; lateral force must be distributed by a rational moment effects are SEAOC 1H1b, 1J4, 3B1, and
procedure that takes into account the stiffness 4D1b. In moment resistant frame structures, the
properties of the lateral force resisting system, the overturning is resisted by a combination of coupled

4-18



TM 5-809-10/NAVFAC P-3551AFM 88-3, Chap13

Building: 7-story building Direction Longitudinal (N-S)
Z= 0.4; I=1.0; RW=12; S=1.5; h= 65.7; W=10,540
Ct = 0.030; TA = 0.69; CA = 2.41; 0.8CA = 1.93; TB = 0.76; CB = 2.26
C=2.26; T= 0.76; V = (ZIC/RW)W = 0.075 W = 791.
Ft= 0.07 TV = 0.054 V; Fx = (V-Ft)wh/ Σ wh = 0.946 V(wh/ Σ wh)

Level h Ah w Σ w (2)x(4) w h F Σ (8) (3)x(9) ∆ (10) (9)+(5)
ft. ft. kips wh Σ wh kips ∆ OTM OTM Ft+ Σ Fi

kips kip-ft kip-ft Σ w i

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)*

Ft=43

Roof 65.7 1,410 92/637 0.228 171

8.7 1,410 214 1,862 0.152

7 57.0 1,460 83,220 0.205 153 1,862

8.7 2,870 367 3,193 0.128

6 48.3 1,460 70/518 0.174 130 5/055

8.7 4/330 497 4324 0.115

5 39.6 1,460 57,816 0.142 106 9,379

8.7 5/790 603 5/246 0.104

4 30.9 1,460 45,114 0.111 83 14,625

8.7 7,250 686 5,968 0.095

3 22.2 1,460 32,412 0.080 60 20,593

8.7 8,710 746 6/490 0.086

2 13.5 1,830 24,705 0.061 46 27,083

13.5 10,540 792 10/692 0.075

GRD. 0 37,775**

Σ 10,540 406,422 1.001 792 37,775

*For use in SEAOC Eq 1-11.
**For foundation overturning moments, this value may be reduced by 2825 kip-ft (43x65.7) when F t is neglected. See

SEAOC 1J4.

Table 4-4. Force distribution

axial column forces and bending moments in the cyclic and dynamic. SEAOC 1J allows the force Ft

column. In shear wall buildings, the overturning to be omitted for determining overturning at the
moments are resisted by flexure in the shear foundation-soil interface.
walls. The application of the statis design forces d. Horizontal distribution of story shear.
can create an apparent overturning instability (1) Horizontal forces. At each level the dia-
condition that is difficult to reconcile with observa- phragm distributes lateral forces from above to
tions in earthquakes where actual loadings are shear walls and frames, below. The nature of the
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distribution depends on the relative rigidities of
the diaphragm and the resisting elements below.
To account for uncertainties in the locations and
distribution of weights that contribute to the
earthquake forces, the calculated center of mass
will be assumed to be shifted by five percent of the
building dimension in either direction (SEAOC
1E5b). For rigid diaphragms, an additional eccen-
tricity may be required.

(2) Horizontal torsional moments. For rigid
diaphragms (i.e., not flexible per SEAOC lE6a),
where the center of rigidity of the vertical ele-
ments of the lateral force resisting system (frames
or shear walls) is not coincident with the center of
mass, provisions must be made for this eccentricity
plus an additional “accidental” eccentricity of 5 to
15 percent of the building dimension which is
intended to account for uncertainties. For a sym-
metrical building, a minimum eccentricity of 5
percent of the building dimension perpendicular to
the direction of force is required. When torsional
irregularities exist, an amplification factor deter-
mined by SEAOC equation 1–9 is applied to the 5
percent eccentricity (see chapter 5).

(3) Distribution between shear walls and
frames (dual systems). When a dual bracing system
is used (SEAOC Table l–G, Category D), a rigidity
analysis must be made to determine the interac-
tion between the walls and the frames.

e. Orthogonal effects. SEAOC 1H1c refers to the
effects on a structure due to forces induced in
directions not parallel to the direction of resistance
under consideration. It does not refer to torsion in
general; that is covered by SEAOC 1E6. Orthogo-
nal effects are involved in the following case—

(1) The vertical elements of the lateral force
resisting system are not parallel to or not symmet-
ric about the major orthogonal axes of the lateral
force resisting system (plan irregularity Type E of
SEAOC Table l-F).

(2) The structure has torsional irregularities
(Type A of SEAOC Table l-F) for both major axes.

(3) An element is common to two intersecting
systems. The most common example is the corner
column of a perimeter frame; the maximum over-
turning force on the column occurs when the
direction of force is oblique to the main axes of the
frame.

f. Participating elements. Elements that are
not designated as lateral force resisting elements
may nevertheless participate in resisting lateral
forces. All gravity load carrying elements not
designed to be part of the lateral force resisting
system must be analyzed to determine if they are
compatible with the lateral force resisting system
(see SEAOC 1H2d). Any element that is not strong
enough to resist the forces that it attracts or the
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interstory drifts that occur will be damaged unless
it is isolated from the lateral force resisting sys-
tem.

4-10. Vertical seismic forces. Vertical compo-
nents of ground motion are not usually calculated.
Stresses are considered to fall within the usual
one-third increase that is allowed for earthquake
effects. In cases where gravity load is depended on
for stability, and where seismic load tends to
reduce the total load, there are special provisions
for using reduced dead loads. Such provisions
include the 0.85 factor for dead load in SEAOC
1H1b. These reduced loads apply to axial compres-
sion due to gravity in concrete columns and walls
when subjected to seismic overturning moments
and uplift forces and to beam bending moments
due to gravity when combined with seismic bend-
ing moments in the opposite direction (i.e., bend-
ing moment reversal).

a. Horizontal elements. In Zones 3 and 4, special
considerations must be given to the effects of
vertical accelerations on horizontal prestressed ele-
ments (especially those with draped prestressing)
and horizontal cantilevers (SEAOC 1E10). For
investigating the effects of vertical accelerations
on horizontal prestressed elements an approved
procedure is to rely on only 50 percent of the dead
load as a minimum gravity load when applying
the lateral forces. Horizontal cantilever elements
should be checked for the capacity of the elements
to resist a net upward force of 20 percent of the
dead load.

b. Hold-downs. In Seismic Zones 3 and 4, the
design of hold-downs to resist overturning mo-
ments and uplift forces will use a maximum of
0.85 of the dead load for gravity resistance. The
load provisions related to hold-down resistance are
in SEAOC, 1E7, 1H1b, 3B1, and 4D1b.

4-11. Detailed design requirements. SEAOC
1H is intended to cover a variety of concerns other
than the determination of lateral forces on the
building as a whole (SEAOC 1E) and the parts of
the building (SEAOC lG). These topics are dis-
cussed at appropriate places in the manual. Some
requirements and details for satisfactory perfor-
mance under earthquake conditions are enumer-
ated and discussed in the following paragraphs.
Also, refer to the discussion of damage control
features in chapter 2.

a. Separation of structures (SEAOC 1H21). In
past earthquakes the mutual hammering received
by buildings in close proximity to one another has
caused significant damage. The simplest way to
prevent damage is to provide sufficient clearance
so that free motion of the two structures will
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result. The motion to be provided for is produced
partly by the deflections of the structures them-
selves and partly by the rocking or settling of
foundations. The gap must equal the sum of the
total deflections from the base of the two buildings
to the top of the lower building.

(1) In the case of a normal building less than
80 feet in height using concrete or masonry shear
walls, the gap shall be not less than the arbitrary
rule of 1 inch for the first 20 feet of height above
the ground plus ½ inch for each 10 feet of
additional height.

(2) For higher or more flexible buildings, the
gap or seismic joint between the structures should
be based on 3(Rw/8) times the sum of the deflec-
tions determined from the required (prescribed)
lateral forces. If the design of the foundation is
such that rotation is expected to occur at the base
due to rocking or due to settlement of foundations,
this additional deflection (as determined by ration-
al methods) will be included.

b. Seismic joints. Junctures between distinct
parts of buildings, such as the intersection of a
wing of a building with the main portion, are often
designed with flexible joints that allow relative
movement. When this is done, each part of the
building must be considered as a separate struc-
ture that has its own independent bracing system.
The criteria for separation of buildings in para-
graph a above will apply to seismic joints for parts
of buildings. Seismic joint coverages will be made
flexible, waterproof, and architecturally accept-
able.

c. Elements that connect buildings. Certain
types of structures commonly found in industrial
installations are tied together at or near their tops
by connecting parts such as piping, conveyors, and
ducts. The support of these elements will allow for
the relative movement between buildings.

d. Bridges between buildings. Clusters of build-
ings are often connected by bridges. In most cases
it would not be economically feasible to make
bridges sufficiently rigid to force both buildings to
vibrate together. A sliding joint at one or both
ends of the bridge can usually be installed.

e. Stairways. Concrete stairways often suffer
seismic damage because they act like struts be-
tween the connected floors. This damage can be
avoided by anchoring the stair structure at the
upper end and providing a slip joint at the lower
end of each stairway, or by tying stairways to
stairway shear walls.

f. “Short column” effects. Whenever the lateral
deflection of any column is restrained, when full-
height deflections were assumed in the analysis, it
will carry a larger portion of the lateral forces
than assumed. In past earthquakes, column fail-
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ures have frequently been inadvertently caused by
the stiffening (shortening) effect of deep spandrels,
stairways, partial-height filler walls, or intermedi-
ate bracing members. Unless considered in the
analysis, such stiffening effects will be eliminated
by proper detailing for adequate isolation at the
junction of the column and the resisting elements.

4-12. Deformation requirements. Deformations
will be governed by the provisions for story drift
limitations (SEAOC 1E8), building separations
(SEAOC 1H21, and para 4-ha), deformation com-
patibility (SEAOC 1H2d), diaphragm deformation
(SEAOC 1H2j and chap 6, and exterior elements
(SEAOC 1Hd(2)).

a. Elements to be included. For determining
compliance with the deformation provisions, only
structural elements should be considered in the
stiffness calculations. It is unconservative to in-
clude the stiffness participation of nonstructural
elements without substantiated data. This is in
contrast with the assumptions used in the period
calculation for obtaining values for C. Thus, it is
not uncommon to have one set of stiffness assump-
tions for calculating the total design lateral forces
and another set of stiffness assumptions for calcu-
lating the design lateral displacements. It is ac-
ceptable to calculate the lateral deformations
based on lateral forces corresponding to a building
period calculated by Method B, even if the result-
ing forces are smaller than 80 percent of the
lateral forces of Method A specified in SEAOC
1E2. An example is given in paragraph 4-6 f

b. P-delta effects. The secondary effects of lateral
deformation (P-delta effects), when significant,
must be investigated to ensure lateral stability
Criteria for inclusion of P-delta effects are pre-
scribed in SEAOC 1E9.

4-13. Connections between elements. The vari-
ous elements of the lateral force resisting system
will be connected to each other by positive means
so as to make the load path complete, and the
connections will be adequate and consistent with
the basic assumptions and distribution of forces.

a. Continuity.
(1) Portions of structures. When a building

consists of two or more portions, such as larger/
smaller or center/wings, the portions will be tied
as prescribed in SEAOC 1H2e(l).

(2) Horizontal capacity. At supports for beams,
girders, and trusses, a horizontal capacity will be
provided as prescribed in SEAOC 1H2e(2).

(3) Collectors. Collector elements will be pro-
vided where needed to transfer forces from a point
of origin at one place in the building to a point of
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resistance in another place, as prescribed in
SEAOC 1H2f.

b. Forces to be considered. Joints and connec-
tions will be designed for forces consistent with all
possible combinations of loadings. In addition to
the prescribed forces and load combinations, the
designer will consider additional load effects due
to settlement, shrinkage, creep, and thermal ex-
pansion, temporary erection loads, and differential
settlements. Rotational effects or torsions resulting
from eccentric connections must be considered. In
general, elements and members should be detailed
so that torsion and secondary moments are held to
a minimum at the connections,

c. The strength of connections.
(1) Connections between diaphragms and ver-

tical elements of the lateral force resisting system.
Diaphragm shears, based on SEAOC equation
1–11, will be transferred to shear walls and frames
by means of appropriate connectors, such as bolts,
embedded bolts, and welded studs,

(2) Connections within systems. Members of
the horizontal and vertical systems (diaphragms,
shear walls, and frames) will be connected as
provided at appropriate places in this manual.

(3) Special loads. In some cases, design forces
for connections are increased by a multiplier. The
forces obtained from analysis based on SEAOC
equation l–l, 1–10, or 1–11, are multiplied by a
particular number or by the quantity 3(Rw/8). The
purpose of these multipliers is to ensure that the
capacity of the building is governed by its ele-
ments, not by its connections. In these cases, the
intention is to provide greater strength in the
connection to offset its lack of ductility compared
with the resisting system, which has an assigned
Rw value.

d. Special elements. Special design requirements
are included in SEAOC 1H for exterior panels
(SEAOC 1H2d(2)), anchorage of concrete or ma-
sonry walls (SEAOC 1H2h), and wood diaphragms
used for lateral support of concrete or masonry
walls (SEAOC 1H2j(3)).

e. Details. Details of connections will admit to a
rational analysis in accordance with well-estab-
lished principles of mechanics.

4-14. Diaphragms. Diaphragms will be designed
to resist forces prescribed by SEAOC 1H2j. Not
only does a diaphragm transfer forces, but it must
resist the inertia forces of its own weight, wPX. The
design forces, given by SEAOC equation 1–11, are
different from building story forces because dia-
phragms tend to respond as sub-elements within
the building structure. Diaphragms are discussed
in detail in chapter 5.
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4-15. Elements and components. Parts of build-
ings other than the major horizontal and vertical
elements of the lateral force resisting system will
be designed to resist forces prescribed by SEAOC
1G and to transfer these forces to the structural
system of the building through proper connections.
SEAOC 1G is concerned with elements when they
are loaded by inertia forces due to their own
weight rather than by forces they carry as part of
a lateral force resisting system. Three sets of
things are considered in SEAOC 1G elements of
structures (referred to below as structural ele-
ments), permanent nonstructural components and
their attachments (referred to below as architec-
tural components), and the attachments for perma-
nent equipment supported by structures (referred
to below as mechanical and electrical components).

a. Structural elements. These elements, also
called “parts and portions of structures,” use the
horizontal force factors (CP value) of Part I of
SEAOC Table l–H. Structural elements include
walls and parapets with lateral loads normal to
the flat surface. These out-of-plane effects are
discussed in chapter 6.

b. Architectural components. These components
use the CP value of Part II of SEAOC Table l–H.
These components include partitions, ornamenta-
tion, suspended ceilings, exterior panels, and stor-
age racks. They are covered in chapter 11.

c. Mechanical and electrical components. These
components, which use the CP value of Part III of
SEAOC Table l-H, are covered by chapter 12 and
include chimneys and smokestacks, as well as
equipment and machinery.

4-16. Nonbuilding structures. This manual is
primarily concerned with the design of buildings;
however, provisions are also included for some
structures other than buildings. When these struc-
tures are designed in accordance with SEAOC
equation 1–1 in SEAOC 1E2, an RW value of 3 to 5
is used, as specified in SEAOC Table l–I. These
lower values are justified by the assumption that
these structures will generally have lower damp-
ing characteristics, less inelastic deformation ca-
pacity, and less redundancy than typical buildings.
Procedures and guidelines for nonbuilding struc-
tures are included in chapter 13.

4-17. Planning. Planning involves predesign
studies and preliminary design. Design develop-
ment and final design are discussed in paragraph
4-18.

a. Predesign studies.
(1) Site planning. Site planning considers geo-

logic, foundation, and tsunami (sea-wave) hazards
as well as seismicity. Structures will not be sited
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over active geologic faults, in areas of instability
subject to landslides, where soil liquefaction is
likely to occur, or in areas subject to tsunami
damage.

(a) Seismic zones. The probability of the
severity, frequency, and potential damage from
ground shaking varies in different geographic re-
gions. Regions with similar hazard factors are
identified as seismic zones.

(b) Fault zones. Damage that is directly or
indirectly caused by ground distortions or ruptures
along a fault cannot be eliminated by design and
construction practices; therefore site planning
must avoid these particularly hazardous locations.

(c) Tsunami protection. Each region along
the Pacific coast must be separately and carefully
investigated for its tsunami-generating character-
istics. Particular coastlines, inlets, and bays of the
Pacific Ocean boundary are resonators of tsunami
waves and may greatly amplify the effects. Assum-
ing that tsunami warning services can ensure the
safety of human life, there is as yet no hard-and-
fast rule for establishing safety and economic
standards. Where feasible, power plants, oil stor-
age tanks, and other strategic facilities should be
located on high ground, out of reach of high water.

(d) Other hazards. Other hazards associated
with earthquakes include subsidence and settle-
ment due to consolidation or compaction, land-
slides, and liquefaction. Liquefaction is a common
occurrence in relatively loose, cohesionless sands
and silts with a high water table. The earthquake
motions can transform the soil into a liquefied
state as a consequence of the increase in pore
pressure. This can result in a loss of strength in
bearing capacity of the soil supporting a building,
causing considerable settling and tilting. Also, this
loss of strength can occur in a subsurface layer,
causing lateral movement of surficial soil masses
of several feet, along with ground cracks and
differential vertical displacements. These move-
ments have severed pipelines and damaged bridges
and buildings. There are several ways to stabilize
the ground, such as providing drainage wells,
pressure grouting, or removing the liquefiable
zone, but often the susceptible area is too exten-
sive for an economical solution. The exposure to
these hazards varies with the geography, geology,
and soil conditions of the site and the type of
structure to be constructed. The professional judg-
ment of geologists, geotechnical engineers, and
structural engineers will be used to establish
reasonable standards of safety.

(2) Conceptual planning. Collaboration of the
architect and structural, mechanical, and electrical
engineers is necessary to establish a concept for
the overall building system, to establish design

criteria for the specific facility, to select the mate-
rials of construction, and to reconcile the conflict-
ing requirements of architectural, structural, me-
chanical, and electrical systems. A quick estimate
of the design lateral earthquake forces should be
made to establish approximate component sizes
and the layout of the lateral force resisting sys-
tem. The locations of seismic joints and the possi-
bility of future expansion must be considered at
this stage.

b. Preliminary design.
(1) Selection of system. Before selecting the

structural system, it is essential that the planners
be familiar with the fundamentals of seismic
design. Consideration should be given to the archi-
tectural and functional requirements, the need for
future modifications related to use, the need for
damage or drift control, and an evaluation of the
economics and availability of the specific materials
and the construction practices at the site.

(2) Redundancy. It is strongly recommended
that the lateral force resisting system be made as
redundant as possible; multiple lines of resistance
are preferable to perimeter resistance only, and
multiple bents or bays of resistance in each brac-
ing line are much more desirable than a single
bent or bay. Good torsional rigidity is also essen-
tial. The object is, first, to create a system that
will have its inelastic behavior distributed nearly
uniformly throughout the plan and elevation of
the system and, second, to have such a degree of
redundancy that softening or failure of a particu-
lar element can result in load redistribution to the
associated redundant elements without the possi-
bility of collapse.

(3) Damage control considerations. Damage to
the structure and repairability of the structure
were not prime considerations in the development
of the RW-factors. Thus, it may be appropriate for
the engineer to consider these concerns and in-
crease the level of loading, stiffness, and detailing
requirements if it is desired to control the amount
of damage and/or decrease the cost of repairing the
damage resulting from the earthquake.

(4) Selection of trial structural member size.
Some of the structural members of a building are
governed by the gravity load design, and their size
selection may not be affected by the addition of the
seismic loads. For these members the sizes will
have been determined by the usual requirements
for dead and live loads. For the sizes of members
that form the seismic lateral force resisting sys-
tem, a trial-and-error process is generally required
because of the relationship between design lateral
forces, structure periods, and lateral drift limita-
tions. For the first trial design, lateral forces are
obtained from approximations of period and
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weight. SEAOC equation 1-3 may be used for
periods. The base shear and story forces are
determined. Next, trial member sizes are selected
by using approximate calculations and judgment.
Finally, a preliminary analysis is made, and the
trial sizes are confirmed or revised. If there are
substantial revisions to the initial trial sizes, the
structure period and the lateral drift will change,
and a reanalysis may be required.

4-18. Design.
a. Design development. This phase of the design

process involves identification and location of pri-
mary structural elements, determination and dis-
tribution of lateral seismic forces, preparation of
design calculations, detailing of connections, de-
tailing of nonstructural parts for damage control,
and preparation of clear, complete contract draw-
ings and specifications.

b. Final design considerations. After the struc-
tural elements have been selected and analyzed, a
final design check must be made to verify that the
initial assumptions are correct, and whether or not
the resulting structure satisfies the intent of the
seismic provisions.

(1) Comparison of final sizes with initial esti-
mates.

(a) Weights. It is necessary to compare the
final weights of the building with the weight used
to determine the seismic forces. If the weight has
increased significantly (say, over 5 percent), rede-
sign will be necessary.

(b) Stiffness. If the final member sizes are
substantially different from the initial estimates, a
re-evaluation of the design will be necessary. If the
relative stiffnesses of the varying elements have
changed significantly, the distribution of lateral
forces must be re-evaluated.

(c) Period. If the initial period was deter-
mined by Method B using structural properties
and deformation characteristics, such as in
SEAOC equation 1-5, the initial stiffness and
weight properties must be compared with the final
properties of the structure. If the final period is
shorter than the initial period that was used to
calculate the lateral forces, a new set of forces
must be calculated and applied to the structure.

(d) Displacements. If the final stiffness, pe-
riod, or forces have changed substantially, dis-
placements will have to be recalculated to check
for compliance with the various provisions for drift
and deformation.

(2) Path of forces. Upon completion of the
design, a final check will be made to determine
that all the inertia forces can be transmitted
without instability from their source to the base of
the structure.

(3) Details. It is necessary to check the struc-
tural details to ensure that the intent of the
design calculations and the seismic design detail-
ing is properly provided for on the construction
drawings.

(4) Specifications. The specifications must be
checked to ensure that the intent of the design
calculations, material strength assumptions, and
seismic design detailing is properly provided for in
the job specifications.
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CHAPTER 5

DIAPHRAGMS

5-1. Introduction. This chapter prescribes the
criteria for the design of horizontal diaphragms
and horizontal bracing of buildings in seismic
areas, indicates principles and factors governing
the horizontal distribution of lateral forces and
resistance to lateral forces, gives certain design
data, and illustrates typical details of construction.

5-2. General.
a. Function. Floors and roofs, acting as dia-

phragms, are the horizontal resisting elements in
a building. Diaphragms are subject to lateral
forces due to their own weight plus the tributary
weight of walls connected to them. The dia-
phragms distribute the lateral forces to the verti-
cal elements, the shear walls or frames, which
resist the lateral forces and transfer them to lower
levels of the building and finally to the ground. If
floors or roofs cannot be made strong enough, their
diaphragm function can be accomplished by hori-
zontal bracing. In an industrial building, horizon-
tal bracing can be the only resisting element.
Where there is a horizontal offset between resist-
ing vertical elements above and below, the dia-
phragm transfers lateral forces between the. Dia-
phragms are treated in this chapter; the resisting
vertical elements are treated in subsequent chap-
ters.

b. Horizontal elements. There are two types of
horizontal elements: diaphragms and horizontal
bracing.

(1) Diaphragms. Usually the roof and the
floors of the building perform the function of
distributing lateral forces to the vertical resisting
elements (such as walls and frames). These ele-
ments, called diaphragms, make use of their inher-
ent strength and rigidity, supplemented, when
needed, by chords and collectors. A diaphragm is
analogous to a plate girder laid in a horizontal
plane (or inclined plane, in the case of a roof). The
floor or roof deck functions as the girder web,
resisting shear; the joists or beams function as web
stiffeners; and the chords (peripheral beams or
integral reinforcement) function as flanges, resist-
ing flexural stresses (fig 5–l). A diaphragm may
be constructed of any material of which a struc-
tural floor or roof is made. Some materials, such
as cast-in-place reinforced concrete and structural
steel, have well-established properties and present
no problems for diaphragm design once the loading
and reaction system is known. Other materials,
such as wood sheathing and metal deck, have

properties that are well established for vertical
loads but not so well established for lateral loads.
For these materials, tests have been required to
demonstrate their ability to resist lateral forces.
Moreover, where a diaphragm is made up of units
such as sheets of plywood or metal deck, or precast
concrete units, the characteristics of the dia-
phragm are, to a large degree, dependent upon the
connections that join one unit to another and to
the supporting members.

(2) Horizontal bracing. A horizontal bracing
system may also be used as a diaphragm to
transfer the horizontal forces to the vertical resist-
ing elements. A horizontal bracing system may be
of any approved material. A common system that
is not recommended is the rod or angle bracing
used in industrial buildings. The general layout of
a bracing system and the sizing of members must
be determined for each individual case in order to
meet the requirements for load resistance and
deformation control. The bracing system will be
fully developed in both directions so that the
bracing diagonals and chord members form com-
plete horizontal trusses between vertical resisting
elements (fig 5-2). Horizontal bracing systems will
be designed using diaphragm design principles.

c. Seismic loadings.
(1) Principal load. Floors and roofs used as

diaphragms will be designed to resist the lateral
forces specified in SEAOC 1H2j, acting in any
horizontal direction. This load is for the dia-
phragm as a whole and its connections to the
resisting shear walls or frames. The load repre-
sents the inertia forces originating from the
weight of the diaphragm and the walls and other
elements attached thereto.

(2) Transfer forces. The diaphragm design will
also provide for transfer of forces from vertical
resisting elements above to vertical resisting ele-
ments below where there is an offset or change of
stiffness between the upper and lower walls
(SEAOC 1H2j(1)(b)). (The designer is urged to be
cautious in the use of computer analysis of struc-
tures with offsets in the vertical elements.)

(3) Collectors. The diaphragm will also be
provided with collectors. These members collect
diaphragm forces that are distributed along a
portion of the depth of the diaphragm and transfer
them as a concentrated load to a resisting wall or
frame (SEAOC 1H2f).

(4) Reformational compatibility. When dia-
phragms move, they carry with them the tops of

5-1



TM 5-809-10/NAVFAC P-355/AFM 88-3, Chap 13

a . F l o o r  S l a b  D i a p h r a g m

b . Roof  Deck  Diaphragm

c . Truss D i a p h r a g m

Figure 5–1. Diaphragms.

Figure 5-2. Bracing an

other vertical elements, ones that are not part of
the lateral force resisting system. Such elements
are subject to the requirement for deformational
compatibility. Columns, for example, are subject to
side-sway moments when the diaphragms at the
top and the bottom of the column have a relative
displacement, and the columns have sufficient

industrial building.

ultimate strength to sustain such moments when
the diaphragm displacement is 3(Rw/8) times the
displacements due to design forces for the dia-
phragm.

d. Diaphragm selection. Roofs and floors are
usually utilized as diaphragms; therefore, dia-
phragm requirements must be considered when
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the overall structural system is selected. The
diaphragm system must be compatible with the
criteria governing the vertical load carrying capac-
ities and the fire-resistant qualities. Relative costs
of various types of suitable diaphragms should be
investigated to achieve the greatest economy. Spe-
cial considerations for diaphragm selection are
summarized below.

(1) Metal building systems. For buildings with
vertical moment resisting frames in the transverse
direction, the systems connecting these frames are
only nominal bracing with little or no computed
stress, since each frame can be designed to carry
its tributary lateral force. However, in the longitu-
dinal direction, where only the exterior walls
resist seismic forces, the diaphragm must span
from side wall to side wall. Tension-only bracing
may be used only if the structure is very light.

(2) Multistory frame structures. For multistory
buildings with moment resisting frames, dia-
phragms will be rigid enough to distribute horizon-
tal forces and torsion in proportion to the relative
rigidities of the frames. A more flexible diaphragm
on such structures is to be avoided because it
would permit portions of the building to vibrate
out of phase with the rest of the structure.

5-3. Diaphragm flexibility.
a. Relative/flexibility. The diaphragm design

forces at any level include the forces tributary to
the diaphragm and forces brought down to the
diaphragm by vertical resisting elements above
the diaphragm. The forces will be distributed to
the various vertical elements below the diaphragm
according to the relative flexibility of the dia-
phragm, i.e., the flexibility of the diaphragm rela-
tive to the flexibility of the vertical elements that
provide the lateral support below the diaphragm.
Diaphragms are classified as rigid or flexible. The
difference between flexible and rigid diaphragms
is illustrated in figure 5–3. As shown in figure
5-3, part a, the example building has two bays
with shear walls of various rigidities.

(1) Flexible diaphragm. In one extreme case
(fig 5-3, part b), the resisting vertical elements are
perfectly rigid and have no deformation. In this
case, diaphragm deflections occur between sup-
ports that do not move. The diaphragm deflections
are in the same direction as the design loads. The
diaphragm acts as like a continuous beam: the
diaphragm moments and shears are obtained by
familiar procedures for continuous beams. For a
given direction of design forces, the vertical ele-
ments that are perpendicular to this direction
move with the diaphragm and so are subject to
out-of-plane deformations, but these elements take
no part in the resistance to lateral forces: the

lateral resistance is provided only by the elements
parallel to the lateral forces. Of course, no wall or
frame is perfectly rigid; for design purposes how-
ever, a diaphragm is assumed to fit this case if it
is only relatively flexible compared with the walls
or frames. SEAOC 1E6a provides the deflection
criterion for determining when the diaphragm is
to be considered flexible. This is illustrated in
figure 5-4. The wood diaphragm is an example of
a relatively flexible diaphragm. It is customary to
design wooden diaphragms as flexible diaphragms
whether the vertical elements are concrete walls,
steel moment or braced frames, or plywood shear
walls. Unfilled metal-deck roof diaphragms are
also considered relatively flexible when the verti-
cal elements are concrete walls or steel frames.
Flexible diaphragms are usually designed by a
simple procedure that ignores continuity in the
beam and treats each diaphragm as a simple beam
between resisting walls or frames. This is the
“tributary area” model (fig 5-3, part c). In this
method it is customary to proportion the chords for
the simple-beam moments, but then to detail them
to be continuous over the length of the building so
as to preclude damage in the walls where the
beam-end rotations of the simple beams would
make the chord ends separate or compress. This
procedure is simple and cost-effective because the
simple-beam chord forces are generally larger than
those that would be developed from a continuous-
beam analysis.

(2) Rigid diaphragm. In the other extreme
case, the diaphragm is perfectly rigid and has no
deformations (fig 5-3, part d). In this case the
distribution of forces in the diaphragm depends on
the stiffness of the resisting vertical elements. In
the example shown in figure 5-3, each end wall
has twice the rigidity of the center wall: this
means that the reaction at each end wall is twice
that of the center wall, and the diaphragm shears
are determined from these reactions. Just as there
are no perfectly rigid walls, there are no perfectly
rigid diaphragms, but relatively rigid diaphragms
fit this case. Concrete diaphragms and concrete-
filled metal-deck diaphragms are usually consid-
ered to be relatively rigid.

(3) Diaphragm of intermediate flexibility. Be-
tween the two extremes discussed above, there are
cases where the diaphragm is flexible enough to
have significant deflection under lateral load but
is stiff enough to distribute a portion of its load to
vertical elements in proportion to the rigidities of
the vertical resisting elements. The action is anal-
ogous to a continuous concrete beam system of
appreciable stiffness of yielding supports. The sup-
port reactions are dependent on the relative stiff-
nesses of both the diaphragm and the vertical
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Figure 5-3. Diaphragm flexibilities.

elements. A rigorous analysis is usually very that reasonably bracket the likely range of reac-
time-consuming and is seldom justifiable in terms tions and deflections.
of the doubtful accuracy of the results, at best, the b. Rotation. The example of figure 5–3 involves
results are no better than the assumptions (flex- simple cases of diaphragms that have symmetry of
ible and rigid) that must be made. In such cases load and reaction. In cases where there is a lack of
the design can be based on two sets of assumptions symmetry, either in the load or the reaction, the
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IF a IS GREATER THAN 2b, THE DIAPHRAGM

IS CONSIDERED FLEXIBLE.

DIAPHRAGM DISPLACEMENT, a

STORY DISPLACEMENT, b

Figure 5-4. Flexible diaphragm.

diaphragm will experience a rotation. Rotation is
of concern because it can lead to vertical instabil-
ity. This is illustrated in the following cases: the
cantilever diaphragm and the diaphragm sup-
ported on three sides.

(1) Building with a cantilever diaphragm. An
example is shown in figure 5–5. The layout of the
resisting walls is shown in figure 5–5, part a. If
the backspan is flexible relative to the walls (fig
5–5, part b), the forces exerted on the backspan by
the cantilever are resisted by walls B, C, and D,
provided there are adequate collectors. If the back-
span is relatively rigid (fig 5–5, part c), the load
from the cantilever is resisted by all four walls (A,
B, C, and D). A rigidity analysis is needed in order
to determine the forces in the walls.

(2) Building with walls on three sides. A n
example is shown in figure 5–6. For transverse
(north-south) forces (fig 5-6, part a), this is a
simple case: because of symmetry of load and
reactions, the end walls share the load equally.
For longitudinal (east-west) forces (fig 5-6, part b),
there is an eccentricity between the resultant of
the load and the centerline of the one east-west
resisting wall, wall C. The analysis is simplified
by treating the load as a combination of the load,
W, acting directly on the wall, and the couple M =
WD/2 (fig 5-6, part c). The direct force induces a
direct shear, W, on the diaphragm and a reaction,
W, in wall C (fig 5–6, part d); the moment, M, is
resisted by walls A and B (fig 5-6, part e), causing
a counterclockwise rotation of the diaphragm. A
particular concern with this type of building is the
deflection at the corners at the open side. In figure
5–3, part a, there is an eastward deflection of the

south edge of the diaphragm, and if this is exces-
sive it can lead to vertical instability in the
southwest and southeast corners.

(a) Flexible diaphragm. In an all-wood build-
ing, the concern about rotation is met by limita-
tions on the size and proportions of the diaphragm.
In buildings with walls of concrete or masonry, the
greater weight causes greater concern for rotation,
and there are special limitations on the dia-
phragms. The limitations are discussed in para-
graph 5-10.

(b) Rigid diaphragm. If the diaphragm is
rigid, the design of the building will consider the
effects of torsion. The concept of orthogonality does
not apply.

5-4. Torsion. Torsion, in a general sense, occurs
in a building whenever the location of the result-
ant of the lateral forces, i.e., the center of mass,
cm, at and above a given level does not coincide
with the center of rigidity, cr, of the vertical
resisting elements at that level. If the resisting
elements have different deflections, the diaphragm
will rotate. Torsion, in this general sense of rota-
tion, occurs regardless of the stiffness properties of
the diaphragms and the walls or frames. For
purposes of design, however, the procedure for
dealing with torsion does depend on these stiffness
properties.

a. Flexible diaphragms. Flexible diaphragms
such as wooden diaphragms can rotate but cannot
develop torsional shears. For example, a single-
span diaphragm with a relatively stiff shear wall
at one end and a more flexible frame at the other
end will rotate because the two resisting elements
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B: THE BACKSPAN - FLEXIBLE

WALLS PARTICIPATE:

C AND TAKE TORSIONAL
SHEARS ONLY.

A AND B TAKE DIRECT
PLUS TORSIONAL SHEARS.

C: THE BACKSPAN - RIGID

Figure 5-5. Cantilever diaphragm

have different deflections. Flexible diaphragms,
however, are considered incapable of inducing
forces in the walls or frames that are perpendicu-
lar to the direction of the design forces; i.e.,
flexible diaphragms are said to be incapable of
taking torsional moments. All of the lateral load is
taken by the walls that are parallel to the lateral
forces; none is taken by the other walls. (The
building with walls on three sides is a special case
and entails special limitations, as discussed above.)
Lateral loads are usually distributed to the resist-
ing walls by using the continuous beam analogy.
There is no rigidity analysis, no calculation of the
cm and the cr. If there are uncertainties about the
locations of the loads and the rigidities of the
structural elements, the design can be adjusted to
bracket the range of possibilities.

b. Rigid diaphragms. When rigid diaphragms
rotate, they develop shears in all of the vertical
resisting elements. In the example of figure 5-7

there is an eccentricity in both directions, and all
five walls develop resisting forces via the dia-
phragm.

c. Reformational compatibility. When a dia-
phragm rotates, whether it is rigid or flexible, it
causes displacements in all elements attached to
it. For example, the top of a column will be
displaced with respect to the bottom. Such dis-
placements must be recognized and addressed. The
design condition is covered by SEAOC 1H2d.

d. Flexibility criterion. Provision for torsional
moment is required only where diaphragms are
not flexible. The criterion for flexibility (SEAOC
1E6a) is illustrated in figure 5–4.

e. Analysis for torsion. The method of determin-
ing torsional forces is indicated in figure 5-7. The
diaphragm load, Fpx, which acts through the cm, is
replaced by an equivalent set of new forces. By
adding equal and opposite forces at the cr, the
diaphragm load can now be ‘described as a combi-
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nation of a force

C. EQUIVALENT E-W LOAD

D. DIRECT COMPONENT OF E-W LOAD

E. TORSIONAL COMPONENT OF E-W LOAD

Figure 5-6. Building with walk on three sides.

component, Fpx, (which acts Fpx acts through the cr instead of the cm; there-
through the cr) and a moment component (which is
formed by the couple of the two remaining forces
FPX separated by the eccentricity e). The moment,
called the torsional moment, MT, is equal to FPX

times e. The torsional moment is often called the
“calculated” torsion because it is based on a
calculated eccentricity; also this name distin-
guishes it from the “accidental” torsion which is
described below. In the modified loading, the force

fore, it causes no rotation and it is distributed to
the walls which are parallel to FPX in proportion to
their relative rigidities. The torsional moment is
resolved into a set of equivalent wall forces by a
procedure which is similar to that used for finding
forces on bolts in an eccentrically loaded group of
bolts. The formula is analogous to the torsion
formula τ = Tc/J. Thus the torsional shear forces
can be expressed by the formula Ft = MTkd/Σ kd 2,
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2. ADD AN EQUAL AND OPPOSITE FORCE, Fpx,
AT THE cr.

3. USE THE EQUIVALENT LOAD:
a. Fpx, ACTING THROUGH THE cr
b. THE MOMENT FORMED BY THE TWO

REMAING Fpx’S. THE TORSIONAL
MOMENT IS

M T = Fpx x e

Figure 5–7. Calculated torsion.

Figure 5-8. Accidental torsion amplification factor.

where k is the stiffness of a vertical resisting
element, d is the distance of the element from the
center of rigidity, and Σ kd2 represents the polar
moment of inertia. For the wall forces, the direct
components due to FPX at the cr are combined with
the torsional components due to MT. In the exam-
ple of figure 5-7, the torsional moment is counter-
clockwise and the diaphragm rotation will be
counterclockwise around the cr. The direct compo-
nent of the load is shared by walls A and B, while
the torsional component of the load is resisted by
walls A, B, D, C, and E. Where the direct and

torsional components of wall force are in the same
direction, as in wall A, the torsional component
adds to the direct component; where the torsional
component is opposite to the direct component, as
in wall B, the torsional component subtracts from
the direct. Walls C, D, and E carry only torsional
components; in fact, their design will most likely
be governed by direct forces in the east-west
direction.

f. Accidental torsion. Accidental torsion is in-
tended to account for uncertainties in the calcula-
tion of the locations of the cm and the cr. The
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accidental torsional moment, MA, is obtained us- of the diaphragm to seismic motion.
ing an eccentricity, eacc, equal to 5% of the a. Empirical rules. Direct design is not feasible
building dimension perpendicular to the direction because of the difficulty of making reliable calcula-

of the lateral forces (SEAOC 1E6); in other words, tions of the diaphragm deflections; instead, dia-

MA = FPX x e acc. For the example of figure 5-7, phragms are usually proportioned by empirical

the accidental torsion for forces in the north-south rules. The design requirement is considered to be

direction is MT = FP X
x 0.05L. In hand calcula- met if the diaphragm conforms to the span and

tions, MA is treated like MT except that absolute
span/depth limitations of table 5–1. These limita-
tions are intended as a guide for ordinary build-

values of the resulting forces are used so that the ings. Buildings with unusual features should be
accidental torsion increases the total design force
for all walls. In computer calculations, the acciden-

treated with caution. The limits of table 5-1 may
be exceeded, but only when justified by a reliable

tal torsion may be handled by running one analy- evaluation of the strength and stiffness character-
sis, using for eccentricity the calculated eccentric- istics of the diaphragm. For use of table 5–1, the
ity plus the accidental eccentricity, then running a flexibility category in the first column of the table
second analysis, using the calculated minus the can be determined with little or no calculation:
accidental eccentricity, and finally, selecting the concrete diaphragms are rigid; gypsum dia-
larger forces from the two cases. phragms are semirigid; metal deck diaphragms

g. Amplification of accidental torsion. When a can be semirigid, semiflexible, or flexible; plywood

torsional irregularity exists, the accidental torsion diaphragms can be very flexible, flexible, or semi-

may be required to be increased. See SEAOC 1E6d flexible; special diaphragms of diagonal wood

and figure 5–8. sheathing are flexible; and conventional dia-
phragms of diagonal wood sheathing and dia-

5-5. Flexibility limitations. The deflecting dia- phragms of straight wood sheathing are very
phragm imposes out-of-plane distortions on the flexible. (Very flexible diaphragms are seldom
walls that are perpendicular to the direction of used in new construction because of their small
lateral force. These distortions are controlled by capacities.) Each flexibility category of table 5–1 is
proper attention to the flexibility of the dia- associated with a range of values for the flexibility
phragm. A diaphragm will be designed to provide factor, F, and criteria for stiffness are specified in
such stiffness that walls and other vertical ele- terms of the F-values given in the second column
ments laterally supported by the diaphragm can of table 5–1. When a value of F is needed in order
safely sustain the stresses induced by the response to determine a flexibility category, it is obtained

Diaphragm Span/Depth
Flexibtity Allowable Span Limitations
Category F of Diaphragm

(feet) Concrete or Other
Masonry Walls1 walls

Very Flexible2 Over 150 50 Not to be used 2:1

Flexible 70-150 100 2:1 3:1

Semi-flexible 10-70 200 2½:1 4:1

Semi-rigid 1-10 300 3:1 4:1

Rigid Less than 1 400 4:1 4:1

Note:

1Walls in concrete and unit-masonry are classified as brittle; in all cases, check allowable drift
before selecting type of diaphragm.

2For Zones 1 and 2, diagonally sheathed and plywood diaphragms in the “Very Flexible” category
may be used for lateral support of masonry and concrete walls in one-story buildings where the
diaphragm is not required to act in rotation.

Table 5-1. Flexibility limitation on diaphragms.
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by procedures presented in the following section. shearing deflection without having to know the
Given either the flexibility category or the F- beam theory. It should be noted that because
value, the maximum span is obtained from the concrete (and concrete-filled steel deck) dia-
third column of table 5–1, and span/depth limita- phragms are generally rigid, deflections are sel-
tions are given in the fourth column. dom calculated.

b. F-factor. When an F-factor is needed, it will (2) Steel deck diaphragms. The F-factor is
be calculated by the following procedure. The obtained from formulas that were derived from

flexibility factor, F, is equal to the average deflec- tests. Values for F for common types of dia-

tion in micro inches (millionths of an inch) of the phragms are given in tables in this manual. Some

diaphragm web per foot of span stressed with a manufacturers provide values in their literature.

shear of 1 pound per foot. Expressed as a formula, When the F-factor is not available, it can be

this becomes calculated by using the procedures of paragraph

D WX106 5–6. In most cases formulas for F have been

F = qawe L1 (eq 5-1) published only in the literature of the companies

where supplying these materials. These formulas have

L1 = distance in feet from the adjacent vertical resisting usually been based on a limited number of tests
element (such as sheer wall) and the paint to which and have been derived empirically to fit the test
the deflection is to be determined data applicable to them. As more and more tests

qave= average shear in diaphragm in pounds per foot over were run, the formulas were altered to incorporate
length L1 the new data. This has led to many somewhat

∆ w= web component of diaphragm deflection similar formulas for identical diaphragm compo-
Note that for a diaphragm with a single span of nents supplied by different manufacturers. The
length, L, and a uniformly distributed load, W, the formulas used in this manual have been developed
average shear to be used in calculating qAVE i s by using as a basis all of the test data made
W/4, and L1 = L/2. The procedures for calculating available to the Tri-Service Seismic Design Com-
F, given in paragraphs 5-4 through 5–8, are mittee at the time of the 1973 edition of this
summarized as follows manual and may be subject to some revision in the

(1) Concrete diaphragms. The F-factor is ob- future as new data are obtained.
tained from conventional beam theory for shearing (3) Plywood diaphragms. A formula for F is
deflection. Using the procedure given in paragraph given in paragraph 5–10.
5-7, one can calculate the shearing procedure (4) Wood-sheathed diaphragms. Values for F
given in paragraph 5–7, one can calculate the are given in table 5–2.

HORIZONTAL WOOD DIAPHRAGMS F ALLOWABLE SHEAR
lbs./lin.ft.(qD)

1“ Straight Sheathing 1,500 50

2" Straight Sheathing 1,500 40

Conventional 1“ Diagonal
Sheathing - 1x6 & 1x8 250 300

Conventional 2" Diagonal
Sheathing 250 400

Special Construction 75 600

Note The allowable shears shown in Table are basic values to which the factors for species shown
in Figure 6-19 will be applied.

Table 5–2. Flexibility and allowable shears.
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c. Diaphragm deflections. When a deflection cal-
culation is needed, the following procedure will be
used.

(1) Deflection criterion. The total deflection of
the diaphragm under the prescribed static forces
will be used as the criterion for the adequacy of
the stiffness of a diaphragm. The limitation on
deflection is the allowable amount prescribed for
the relative deflection (drift) of the walls between
the level of the diaphragm and the floor below.
Refer to chapter 6 and figure 6-5.

(2) Deflection calculations. The total computed
deflection of diaphragms ( ∆ d) under the prescribed
static seismic forces consists of the sum of two
components: the first component is the flexural
deflection ( ∆ f) the second component is the shear-
ing deflection ( ∆ W). When beams are designed, the
flexural component is usually all that is calcu-
lated, but for diaphragms, which are like deep
beams, the shearing component must be added to
the flexural component.

(a) Flexural component. This is calculated in
the same way as for any beam. For example, for a
simple beam with uniform load, the flexural com-
ponent is obtained from the familiar formula ∆ f =
5wL4/384EI. The only question is the value of the
moment of inertia, I. For diaphragms whose webs
have uniform properties in both directions (con-
crete or a flat steel plate) the moment of inertia is
simply that of the diaphragm cross-section. For
diaphragms of fluted steel deck, or diaphragms of
wood, whose stiffness is influenced by nail slip and
chord-joint slip, the flexural resistance of the
diaphragm web is generally negligible and the
moment of inertia is based on the properties of the
diaphragm chords. For a diaphragm of depth D
with chord members each having area A, the
moment of inertia, I, equals 2A(D/2)2, or AD2/2.

(b) Shearing component. If a reliable F-
factor is known, the shearing component of deflec-
tion can be derived from equation 5–1 as follows:

∆ w= qa v eL 1F
1 06

(eq 5-2)

This equation is directly applicable to steel-deck
diaphragms for which values of F are available
and to concrete decks for which F is obtained by a
simple calculation. If a reliable F-factor is not
known, the calculation is based on conventional
beam theory.  For example, for a diaphragm with a
single span of length, L, with a uniformly distrib-
uted load, W, the shearing deflection is ∆ W = α WL,

8AG
where α is a form factor, A is the area of the web,
and G is the shear modulus. Noting that W = 4qave

A  t
where t is the thickness of the web, the formula
for shearing deflection can be expressed as ∆ W =

q aveL 1. AS noted above, this is applicable only

to webs of uniform properties. The procedure for
concrete (given in para 5-7) is based on this

slab in inches. This is equation 5–2 with F as
given by equation 5-3.

5-6. Design of diaphragms. A deep-beam anal-
ogy is used in the design. Diaphragms are envi-
sioned as deep beams with the web (decking or
sheathing) resisting shear and the flanges (span-
drel beams or other members) at the edges resist-
ing the bending moment.

a. Unit shears. Diaphragm unit shears are ob-
tained by dividing the diaphragm shear by the
length or area of the web, and are expressed in
pounds per foot (for wood or metal deck) or pounds
per square inch (for concrete). These unit shears
are checked against allowable values for the mate-
rial. Webs of precast concrete units or metal-deck
units will require details for joining the units to
each other and to their supports so as to distribute
shear forces.

b. Flexure. Diaphragm flexure is resisted by
members called chords. The chords are often at the
edges of the diaphragm but may be located else-
where. The design force is obtained by dividing the
diaphragm moment by the distance between the
chords, The chords must be designed to resist
direct tensile or compressive stresses, both in the
members and in the splices at points of discontinu-
ity. Usually chords are easily developed. In a
concrete frame, continuous reinforcing in the edge
beam can be used. In a steel frame building, the
spandrel beams can be used as chords if they have
adequate capacity and have adequate end connec-
tions where they would otherwise be interrupted
by the columns; or special reinforcing can be
placed in the slab. Chords need not actually be in
the plane of the diaphragm as long as the chord
forces can be developed between the diaphragm
and the chord. For example, continuous chord
reinforcing can be placed in walls or spandrels
above or below the diaphragm. In masonry walls,
the chord requirements tend to conflict with the
control joint requirements. At bond beams, control
joints will have to be dummy joints so that
reinforcement can be continuous, and the marginal
connections must be capable of resisting the flex-
ural and shear stresses developed.

c. Openings. A diaphragm with openings such
as cut-out areas for stairs or elevators will be
treated as a plate girder with holes in the web.
The diaphragm will be reinforced so that forces
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that develop on the sides of the opening can be
developed back into the body of the diaphragm.

d. L- and T-shaped buildings. L- and T-shaped
buildings will have the flange (chord) stresses
developed through or into the heel of the L or T.
This is analogous to a girder with a deep haunch.

5-7. Concrete diaphragms.
a. General design criteria. The criteria used to

design concrete diaphragms will be ACI 318 as
modified by SEAOC 3B. Concrete diaphragm webs
will be designed as concrete slabs; the slab may be
designed to support vertical loads between the
framing members, or the slab itself may be sup-
ported by other vertical load carrying elements,
such as precast concrete elements or steel decks. If
shear is transferred from the diaphragm web to
the framing members through steel deck fasten-
ings, the design will conform to the requirements
in paragraph 5–9.

b. Span and anchorage requirements. The fol-
lowing provisions are intended to prevent dia-
phragm buckling.

(1) General. Where reinforced concrete slabs
are used as diaphragms to transfer lateral forces,
the clear distance (Lv) between framing members
or mechanical anchors shall not exceed 38 times
the total thickness of the slab (t).

(2) Cast-in-place concrete slabs not monolithic
with supporting framing. When concrete slabs are
not monolithic with the supporting framing mem-
bers (e.g., slabs on steel beams), the slab will be
anchored by mechanical means at intervals not
exceeding 4 feet on center along the length of the
supporting member. This anchorage is not a com-
puted item and should be similar to that shown in
figure 5-9, detail A. For composite beams, anchor-
ages provided in accordance with AISC provisions
for composite construction will meet the require-
ments of this paragraph.

(3) Cast-in-place concrete diaphragms verti-
cally supported by precast concrete slab units. If
the slab is not supporting vertical loads but is
supported by other vertical load carrying elements,
mechanical anchorages will be provided at inter-
vals not exceeding 38t. Thus, the provisions above
will be satisfied by defining Lv as the distance
between the mechanical anchorages between the
diaphragm slab and the vertical load carrying
members. This mechanical anchorage can be pro-
vided by steel inserts or reinforcement, by bonded
cast-in-place concrete lugs, or by bonded roughened
surface, as shown in figure 5–10. Positive anchor-
age between cast-in-place concrete and the precast
deck must be provided to transmit the lateral
forces generated from the weights of the precast
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units to the cast-in-place concrete diaphragm and
then to the main lateral force resisting system.

(4) Precast concrete slab units. If precast units
are continuously bonded together as shown in
figure 5-11, they may be considered concrete
diaphragms and designed accordingly as described
herein before; see SEAOC 3E6 and 3E7. Intermit-
tently bonded precast units or precast units with
grouted shear keys will not be used as a dia-
phragm. In Seismic Zone 1 (fig 5–12), there is an
exception permitting the use of hollow-core planks
with grouted shear keys and the use of connectors,
in lieu of continuous bonding, for precast concrete
members. The exception is permitted if the follow-
ing considerations and requirements are satisfied.

(a) Procedure conforms with PCI-MNL-120.
seismic design requirements.

(b) Shear forces for diaphragm action can be
effectively transmitted through the connectors.
The shear is uniformly distributed throughout the
depth or length of the diaphragm with reasonably
spaced connectors rather than with a few which
will have localized concentration of shear stresses.

(c) Connectors are designed for 3(RW/8)
times the prescribed shear force.

(d) Detailed structural calculations are
made including the localized effects in concrete
slabs attributed from these connectors.

(e) Sufficient details of connectors and em-
bedded anchorage are provided to preclude con-
struction deficiency.

(5) Metal-formed deck. Where metal deck is
used as a form, the slab shall be governed by the
requirements of paragraph (2) above. Refer to
paragraph 5–9d, where the deck is used structur-
ally.

c. Special reinforcement. Special diagonal rein-
forcement will be placed in corners of diaphragms,
as indicated in figure 5–13. Typical chord rein-
forcement and connection details are shown in
figure 5-14.

d. Flexibility factor. The web stiffness factor, F,
will be determined by the following formula:

(eq 5-3)

where
t = thickness of the slab in inches
w = weight of conrete in pounds per cubic foot, minimum

value of w will be 90 pounds per cubic foot
f'c= compressive strength of concrete at 28 days in pounds

per square inch
Diaphragms of this type are in the rigid category
of stiffness and usually have a limitation only on
deflection, as specified in SEAOC lH2j.

e. Electrical raceways. The placement of electri-
cal raceways in concrete topping slabs may make
the slab ineffective as a diaphragm. The effect of
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Slabs Not Monolithic with Supporting Framing

Figure 5–9. Anchorage of cast-in-place concrete slabs.
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Figure 5-10. Attachment of superimposed diaphragm slab to precast slab units.

the loss of concrete section will be considered,
Coordination of structural diaphragm slab with
electrical plans will be provided.

5-8. Gypsum diaphragms, cast-in-place.
a. General design criteria. The following criteria

will be used to design cast-in-place gypsum dia-
phragms.

b. Shear capacity.
(1) The allowable diaphragm shear on poured

gypsum concrete diaphragms will be as shown in
tables 5–3, 5-4, and 5–5 for roof systems using
subpurlins and welded wire fabric.

(2) In lieu of tables 5-3 and 5-4, the following

formula will be used to determine the allowable
shear of the diaphragm:

qD 

= [.16fgtC1 + 1,000(k1d1 + k2d2)]C2
(eq 5-4)

where
qD = allowable maximum shear per foot on diaphragm in

pounds per linear foot, the one-third increase usually
permitted to working stresses in seismic design is not
applicable

fg = oven-dry compressive strength of gypsum in pounds per
square inch, as determined by tests conforming to
ASTM C472-73

C1= 1.0 for Class A gypsum concrete; 1.5 for Class B gypsum
concrete

C2 = 1.4 for Class A gypsum concrete; 1.0 for Class B gypsum
concrete

t = thickness of gypsum between subpurlins, in inches
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Figure 5-11. Precast concrete diaphragm using precast units.

k1 = number of welded wire fabric wires per foot passing over
subpurlins

d1 = diameter of welded wire fabric wires passing over
subpurlins, in inches

k2 = number of welded wire fabric wires per foot parallel to
subpurlins

d2 = diameter in inches of welded wire fabric wires parallel
to subpurlins

c. Flexibility factor. The factor F for determina-
tion of diaphragm stiffness and deflections will be
determined by the formula

(eq 5-5)

where
qD = the allowable shear specified in tables 5–3 and 5-4 or

equation 5-4, in pounds per foot
This indicates that the diaphragm will be in the
semirigid category; however, the span depth and
span limitations of the semiflexible diaphragm

should be used for this type of diaphragm.
d. Typical details. Refer to figure 5-15.

5-9. Steel deck diaphragms (single- and
multiple-sheet decks).

a. General design criteria The following criteria
will be used to design steel deck diaphragms. The
three general categories of steel deck diaphragms
are Type A, Type B and decks with concrete fill.
Design data from industry sources such as the
Steel Deck Institute and the Research Reports of
the International Conference of Building Officials
may be used subject to the approval of the Agency
Proponent.

(1) Typical deck units and fastenings. Deck
units will be composed of a single fluted sheet or a
combination of two or more sheets fastened to-
gether with welds. The special attachments used

5 - 1 5
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Figure 5-12. Concrete diaphragms using precast unite-details permitted in Seismic Zone 1 only.

for field attachment of steel decks are shown in
figure 5-16. In addition to those shown, standard
fillet (%-inch by l-inch) and butt welds are also
used. The depth of deck units will not be less than
1½ inches.

(2) Definitions of special symbols. Definitions
of the special symbols used in the determination of
the working shears and flexibility of steel deck
diaphragms are as follows–

a = number of seam attachment in span Lv along a
seem

5-16

a p
= average spacing of profile channel closures, in feet

a s
= center-to-center spacing of seam welds in feet, usu-

a l l y  Lv / a
a w = spacing of marginal welds in feet
b = width of deck unit in feet
C 1 = 1
C 2 = 1 for button-punched seams; 40ts

½1'w for welded
seams

C 3 = 1 for button-punched seams 150ts1'W for welded
seams

C 4 = 1 for button-punched seams; 6/Lv for welded seams
C 5 = 1.2 for continuous angle closure; 1 for continuous zee

closure 1.44/ap for profile channel closure
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Figure 5-13. Corner of monolithic concrete diaphragm.

d = distance in feet between outermost puddle welds
attaching a deck unit to the supporting framing
member

F1,F2 . . . = components contributing to the flexibility factor F =

f 'cc

h

I D

I x

L 1

L 2

1 3

L R

L v

1 1

1 'w

n

q D

q1,q2..

S  Fn

= compressive strength of fill concrete at 28 days in
pounds per square inch

= height of fluted elements in inches (1½ inch mini-
mum)

= gross moment of inertia of deck unit about vertical
centerline axis through unit, in inches to the fourth
power

= gross moment of inertia of deck unit about the
horizontal neutral axis of the deck cross-section per
foot of width, in inches to the fourth power

= distance in feet between vertical resisting element
(such as shear wall) end the point to which the
deflection is to be determined

= average length of each deck unit in feet
= length of edge lip on deck panel in inches (see detail

Gin fig 5-16)
= distance in feet between sheer transfer elements
= vertical load span of deck unite in feet
= minimum length in inches of seam weld
= effective length in inches of seam weld the ratio of

1'W/1w for the various types of seam welds is given in
figure 5-16

= average number of vertical deck elements per foot
which are laterally restrained at the bottom by
puddle welds

= working sheer in pounds per foot the one-third
increase usually permitted on working stresses is not
applicable to this value

= components or limiting values of working shear in
pounds per foot

q a v e

R
S

t 1

t 2

t '2

t c

f f

t s

w

= average shear in diaphragm over length L1 i n
pounds per foot

= Lv/L2

= section modulus in feet of puddle weld group at
supports (each weld assumed se unit area)

= thickness of flat sheet elements in inches (22-gauge
minimum)

= thickness of fluted element in inches (22-gauge mini-
mum)

= effective thickness of fluted elements in inches; see
figure 5-16 for ratio of t'2/t2

= thickness of closure element in inches
= thickness of fill over top of deck in inches
= thickness in inches of deck sheet at seams
= unit weight of fill concrete in pounds per cubic foot

(3) Connections at ends and at supporting
beams. Refer to Type A and Type B details,
paragraphs 5-9b and 5-9c.

(4) Connections at marginal supports. Mar-
ginal welds for all types of steel deck diaphragms
will be spaced as follows–

35,000( t 1+ t '2) C 1a w = for puddle welds (eq 5-6)
q

1,2001'Wa w = for fillet welds and seam welds (eq 5-7)
q

In no case will the spacing be greater than 3 feet.
See figure 5-17.

(5) Nonwelded fasteners. Fastening methods
other than welds-such as self-drilling, powder-
actuated, or pneumatically driven fasteners-may
be used provided that equivalence to the welded
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Figure 5-14. Concrete diaphragrms–typtial connection details.

method can be shown by approved test data. The lengths may be installed, the maximum values for
results of such test data will be presented by use in determining the working shears in each
means of equations or tables for qD and F in a type of diaphragm will be as follows:
manner similar to that used in paragraphs 5–9b, t l = t2 = ts = 0.060 inch
5-9c, and 5-9d. tc = 0.075 inch

( 6 )  M a x i m u m  e f f e c t i v e  t h i c k n e s s e s  a n d  w e l d 1W = 2 inches

lengths. Even though greater thicknesses and weld (7) Thickness of steel. The thickness of steel
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Poured Welded *ALLOWABLE SHEAR VALUES
Compressive Gypsum Wire (qD)

Class Strength Thickness Fabric
Bulb Tees Trussed Tees

A 500 2½" 4 x 8 Not Allowed 890
#12 - #14

A 500 2½" 6 x 6 Not Allowed 1,040
W1.4 x W1.4

B 1,000 2½" 4 x 8 1,040 1,040
#12 - #14

B 1,000 2½" 6 x 6 1,140 1,140
W1.4 x W1.4

NOTE: *1/3 increase usually permitted on working stresses in seismic design not applicable.

Table 5-3. Shear values of poured gypsum diaphragm.

Bolt or Dowel Size Embedment Shears
(Inches) (Inches) (Pounds)

3/8 Bolt 5 250

1/2 Bolt 5 350

5/8 Bolt 5

3/8 Deformed Dowel

500

6 250

l/2 Deformed Dowel 6 350

Notes: *1/3 increase usually permitted on working stresses in seismic design is not applicable.

See Details A2 and A3 in Figure 5-15.

Table 5-4 Shear on anchor bolts and dowels–reinforced gypsum concrete.

Class A 840 pounds per foot

Class B 1,140 pounds per foot

Notes: *1/3 increase usually permitted on working stresses in seismic design is not applicable.

See Details A2, A4, and A5 in Figure 5-15.

Table 5-5. Maximum shear on trussed tees.
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Figure 5-15. Poured gypsum diaphragms-typical details.
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Figure 5–15. Continued.
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Figure 5-15. Continued.

before coating with paint or galvanizing shall be
in accordance with the following table. The thick-
ness of the uncoated steel shall not at any location
be less than 95% of the design thickness.

Design Minimum
Gauge Thickness Thickness

22 0.0295 0.028
20 0.0358 0.034
18 0.0474 0.045
16 0.0598 0.057

b. Type A diaphragms—decks having shear
transfer elements directly attached to framing.
Multiple-plate steel decks with the flat element

adjacent to framing members and single-plate steel
decks fall into this category of diaphragms when
each deck unit is attached to the framing by at
least two puddle welds or equivalent fasteners, as
described in figure 5-16. Thicknesses t1, t2, and ts

will not be less than 22 gauge. Seam attachments
will be made at least at midspan of Lv, but the
spacing of attachments between supports will not
exceed 3 feet on center. Typical details of Type A
diaphragms and attachments are shown in figure
5-18.

(2) Shear capacity. The working shear will be
limited to that determined by the following formu-
las–
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Figure 5-16. Steel deck diaphragms–typical details of fastenings.
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Figure 5-17. Steel deck diaphragms Type A–typical attachments.
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Figure 5-18. Steel deck diaphragms Type A–typical details with open-web joists.
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Figure 5-18. Continued

q D = ( q1 +  q2) (eq 5-8)

where q3/q2 < C1, but qD is not to exceed

Ixx106

2Lv

2 (eq 5-9)

nor
104

Equation 5-10 applies
refer to Detail G in figure 5-16.

(eq 5-10)

only when 1 e < ½ inch;

92S(t 1+t/

2)Kq1 =
bLv

where

(eq 5-11)

3600tsC3q3 =
Lv

(eq 5-14)

(2) Flexibility factor. The flexibility factor, F,
will be determined by the following formulas:

F= F1+F2+F3 (eq 5-15)
where

F1=
1

12(t1+t2)
(eq 5-16)

(eq 5-17)

F3 =
R

(L v  t1+
12.5n2C1

2t2

3

) (eq 5-18)

h
The flexibility of these diaphragms will vary
within a wide range. Arrangements can be used
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that fall into the semirigid, semiflexible, and (F) for some of the more common cross sections are
flexible categories. shown in figure 5-19. Sample calculations using

(3) sample calculations and tables. Summa- the formulas for these cross sections are given in
ries of allowable shear (qd) and flexibility factors figure 5-20.

Figure 5–19. Steel deck diaphragm Type A–allowable shears and flexibility factors.
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Figure 5-20. Steel deck diaphragm Type A–sample calculation.
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Figure 5-20. Continued.

c. Type B diaphragms. These are decks having
an elevated plate of shear transfer. Multiple steel
decks with fluted elements adjacent to framing
members and single-plate steel decks with fluted
elements incapable of being welded to framing
with at least two puddle welds or equivalent
fasteners per unit fall into this category of dia-
phragm. This type of diaphragm has only welded
seam attachments. The units will be composed of
sheets not less than 20 gauge. Seam attachment
spacing will not exceed 3 feet on center. Typical
details of Type B diaphragms and attachments are
shown in Figure 5-21.

(1) Shear capacity. The working shear will be
limited to that determined by the following formu-
las–

qD = q3, q4, or q5 whichever is lesser,
but not to exceed 1,050 pounds per foot. (eq 5-19)

0.6 t2

2al/

wq3 = Lv

10 ( as )t s 1  2

q 4= x 106

(eq 5-20)

(eq 5-21)

c5tc

2x 106

q5 = 2h½

F=F1+F4+F5 (eq 5-23)
where

F1 =
1

12(t1+t2)
(eq 5-24)

20,000F 5= LRq5

(eq 5-25)

(eq 5-26)

These diaphragms will fall into the semirigid and
semiflexible categories.
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Figure 5-20. Continued
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Figure 5-20. Continued.

d. Steel decks with concrete fill. This type of
diaphragm is composed of a galvanized steel deck
with a superimposed fill of concrete having a
m i n i m u m  f 'C of 2,500 psi at 28 days and a
minimum weight of 90 pounds per cubic foot.
Minimum concrete fill over the deck will be 2½
inches. Temperature reinforcement will be used in
the fill with the minimum 6x6-W1.4xW1.4 welded
wire fabric. Steel decks less than 1% inches in
depth do not qualify as diaphragms; thus only the
concrete is considered as the diaphragm, per para-
graph (1) below. To satisfy the anchorage require-
ments of paragraph 5–7b, positive interlocking
between the steel deck and the concrete can be
achieved by either deck embossments or indenta-
tions, transverse wires attached to the deck corru-
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gations, holes placed in the corrugations, or deck
profile in which the fluted elements are placed up
so that the fill is keyed with the deck. If interlock-
ing between the deck and the concrete is not
achieved, then mechanical anchorages will be re-
quired to anchor the fill to the supporting member,
as prescribed in paragraph 5–7b(2).

(1) Concrete as a diaphragm. If the diaphragm
is loaded and reacted without shear stresses pass-
ing through the deck or its attachments, the
diaphragm is a concrete diaphragm as described in
paragraph 5-7. Typical attachment details are
shown in figure 5–22, details A and B.

(2) Steel deck as a diaphragm.
(a) Shear capacity. If the diaphragm shears

pass through the deck and its attachments, the
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Figure 5-20. Continued.

working shear will be determined by the following where
formulas—

qD=q1+q6
(eq 5-27) q '6= 

200
where and

92S(t1+t'2)Kq 1 = b Lv

q6=q6'+q6''

(eq 5-28)

(eq 5-29)

(eq 5-30)

(eq 5-31)
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Figure 5–21. Steel deck diaphragms Type B-typical attachments to frame.

(b) Flexibility factor. The flexibility factor, (c) Sample calculation and table. Typical
F, will be determined by using the formula attachment details are shown in figure 5–22,
F = 20q''6 details C and D. A summary of allowable shears

b 2qD
(eq 5-32) (qd) and flexibilities (F) for a typical cross section

is shown in figure 5–22, sheet 2. A solution to the
These diaphragms usually fall into the rigid cate- formulas for a typical cross section of this type of
gory. diaphragm is given in figure 5-22, sheet 3.
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Figure 5-21. Continued
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Figure 5-21. Continued.

5-10. Wood diaphragms.
a. General design criteria. Wood diaphragms

will be designed with reference to SEAOC lH2j,
SEAOC Chapter 5, and the additional criteria of
this section.

b. Wood diaphragms in concrete and masonry
buildings. Refer to SEAOC 5C1d.

c. Wood buildings with walls on three sides.
Provide for rotation as discussed in paragraph
5-3b(2). Straight sheathing will not be used to
resist shears in rotation. The depth of the dia-
phragm normal to the open side will not exceed 25
feet or two-thirds of the diaphragm width, which-
ever is the smaller depth.

d. Exceptions.
(1) One-story wood-frame structures with the

depth normal to the open side not greater than 25
feet may have a depth equal to the width.

(2) Where calculations show that diaphragm
deflections can be tolerated, the depth normal to
the open end may be increased to a depth-to-width
ratio not greater than 1½:1 for diagonal sheathing
or 2:1 for special diagonally sheathed or plywood
diaphragms.

e. Material requirements.
(1) Straight sheathing. Straight sheathing dia-

phragms will be constructed of 1- or 2-inch nomi-
nal boards, 6 or 8 inches nominal in width, with
boards laid at right angles to the rafters or joists.
Boards will be nailed to each rafter or joist and to
peripheral blocking with two 8d common nails for
l-inch by 6-inch and l-inch by 8-inch sheathing.
For 2-inch sheathing, nails will be three 16d. End
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joints of adjacent
least two joist or

boards will be separated by at
rafter spaces with at least two

boards between joints on the same support. The
diaphragm shear value will be as indicated in
table 5–2. Diaphragms of this category will have a
value of F in the order of 1,500 and will be
considered very flexible. They will not be used for
the lateral support of masonry, concrete, or other
walls that would be seriously affected by high
floor-to-floor deflection.

(2) Diagonal sheathing. The one-third increase
usually permitted on working stresses in seismic
design is not applicable to the working shears
given in this subparagraph.

(a) Conventional construction. These dia-
phragms will be made up of l-inch nominal
sheathing boards laid at an angle of approximately
45 degrees to supports. Sheathing boards will be
nailed directly to each intermediate bearing mem-
ber with not less than two 8d nails for 1- by 6-inch
boards and three 8d nails for boards 8 inches or
wider, and in addition three 8d nails and four 8d
nails will be used for 6-inch and 8-inch boards,
respectively, at the diaphragm boundaries. End
joints in adjacent boards will be separated by at
least two joist or stud spaces, and there will be at
least two boards between joints on the same
support. The boundary or chord members at the
edges of diaphragms will be designed to resist
direct tensile and compressive chord stresses. Con-
ventional wood diaphragms may be used to resist
shears not exceeding 300 pounds per lineal foot of
width. Two-inch nominal diagonally sheathed dia-
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NOTE : WHEN DECKS ARE ATTACHED AT ALL SHEAR TRANSFER POINTS
SIMILAR TO DETAILS A AND B, THE DIAPHRAGMS WILL BE
DESIGNED IN ACCORDANCE WITH PARAGRAPH 5-7, CONCRETE
DIAPHRAGMS . WHEN SHEAR TRANSFER IS THROUGH THE
WELDS BETWEEN THE STEEL DECK AND FRAMING, THE
DIAPHRAGM WILL BE DESIGNED IN ACCORDANCE WITH
PARAGRAPH 5-9d(2), FORMULAS 5-27 and 5-32.

Figure 5-22. Steel deck diaphragms with concrete fill.

be used with a maximum design sheathed diaphragms will include two adjoiningphragms may
shear of 400 pounds per lineal foot if 16d common
nails are used in lieu of the 8d nails specified for
l-inch nominal sheathing. This category of dia-
phragms has a value of F of approximately 250
and will be considered very flexible; such dia-
phragms will not be used for the lateral support of
masonry or concrete walls.

(b) Special construction. Special diagonally

layers of l-inch nominal sheathing boards laid
diagonally and at 90 degrees to each other. Special
diagonally sheathed diaphragms also include
single-layered diaphragms, conforming to conven-
tional construction and which, in addition, will
have all elements designed in conformance with
the following provision: Each chord or portion
thereof may be considered as a beam loaded with a
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Figure 5-22. Continued,

uniform load per foot equal to 50 percent of the
unit shear due to diaphragm action. The load will
be assumed as acting normal to the chord in the
plane of the diaphragm and either toward or away
from the diaphragm. The span of the chord, or
portion thereof, will be the distance between struc-
tural members of the diaphragm, such as joists or
blocking, which serve to transfer the assumed load
to the sheathing. Special diagonally sheathed dia-
phragms may be used to resist shears due to
seismic forces, provided such shears do not stress
the nails beyond their allowable safe lateral
strength and do not exceed 600 pounds per lineal
foot of width. For approximating deflections, a
value of F of 75 will be used. Thus special
diagonally sheathed diaphragms fit into the cate-
gory of flexible diaphragms.

(3) plywood sheathing.
(a) Boundary members. All boundary mem-

bers will be proportioned and spliced where neces-
sary to transmit direct stresses. The nominal
width of the framing members will be at least 2
inches. In general, panel edges will bear on the
framing members and butt along their centerlines.
Nails will be placed not less than 3/8 inch in from
the panel edge, not more than 12 inches apart
along intermediate supports, and 6 inches along
panel edge bearings and will be firmly driven into
the framing members. No unblocked panels less

than 12 inches wide will be used.
(b) Stiffness. The stiffnees of plywood dia-

phragm webs varies with the thickness of the
plywood, the nailing, and the joint blocking. These
variables also occur in the determination of the
working shear values of the diaphragm. An F
value for determining the stiffness category and
for estimating deflections will be determined using
the following formula:

33,000 qave

F =
q 2

D

where

qD= allowable shear
foot

(c) Flexibility.

(eq 5-33)

specified in table 5-6 in pounds per

For plywood diaphragms the
tabular values of qD range from 110 pounds per
foot to 820 pounds per foot. From this, the value of
F can be determined to range between 300 and 20.
Thus, plywood diaphragms can be very flexible,
flexible, or semiflexible diaphragms depending on
the selection of the type of diaphragm to be used.

(d) Nailing. The use of pneumatically or
mechanically driven steel wire staples with a
minimum crown width of 7/16 inch is an accept-
able alternative method of attaching diaphragms.
The crown of the staple must be installed parallel
to the framing member.
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Figure 5-22. Continued.

Minimum Staple
Common Penetration
Wire Nail staple in Framing Member

6d 14 gauge 1 inch
8d 13 gauge 1 inch

10d 12 gauge 1 1/8 inch

e. Typical details. Refer to figure 5–23.

5-11. Horizontal bracing.
a. Diaphragms. Diaphragms may be made of

horizontal steel bracing. Usually the bracing con-
sists of members added at the top or bottom plane
of a system of floor or roof trusses or beams.

Transverse elements are added for components
perpendicular to the trusses or beams, and diago-
nal members are added to form a triangulated
plane of bracing. As with other kinds of dia-
phragms, the design force will be obtained from
SEAOC 1H2j. The bracing members and connec-
tions will be treated like vertical braced frames
under SEAOC 4G.

b. Secondary bracing. Components of the hori-
zontal bracing system should be coordinated with
bridging and other bracing members that are
provided for lateral bracing of trusses and girders,
for steadying columns, and for transferring lateral
forces to other systems at a lower level.
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(a) For framing of other spaces (1) Find species group of lumber in NFPA National Design Spec.
(2) Find shear value from table above for nail size for Structural l panels regardless of actual grade).

(c) Framing at adjoining panel edges shall be 3-in. nominal or wider, and nails shall be staggered
where nails are spaced 2 inches oc or 2-1/2 inches oc.

(3) Multiply value by 0.82 for Lumber Group Ill or 0.65 for Lumber Group IV.
(b) Space nails 12 in. oc along intermediate framing members (6 in. oc when supports are spaced

(d) Framing at adjoining panel edges shall be 3-in. nominal or wider, and nails shall be staggered

48 in. oc). (Applicable building codes may require 10 in cc nail spacing at intermediate supports
where 10d nails having penetration into framing of more than 1-5/8 inches are spaced 3 inches cc

for floors.)
Notes: Design for diaphragm stresses depends on direction continuous panel joints with reference

to load, not on direction of long dimension of sheet. Continuous framing may be in either direction
for blocked diaphragms

Note: Table 5-6 is reprinted, with permission, from Table 32 in APA DESIGN/ CONSTRUCTION Guide , © 1990

American Plywood Association.

Table 5-6. Horizontal diaphragm sheer.
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Figure 5-23. Wood details.
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Figure 5-23. Continued.
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NOTE:

BOLTS AND NAILING TO BE DESIGNED FOR
DIAPHRAGM STRUT OR CHORD LOADS. ROOF

CONNECTIONS WILL BE SIMILAR BUT MODIFIED

BECAUSE OF ROOF SLOPE.

Figure 5–23. Continued.
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Figure 5–23. Continued.
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CHAPTER 6

SHEAR WALLS

6-1. Introduction. This chapter prescribes the
criteria for the design of walls of buildings in
seismic areas; indicates the principles and factors
governing the application of horizontal forces nor-
mal to the plane of walls and parallel to the plane
of walls gives certain design data; and illustrates
typical details of construction. A wall that carries
a vertical load other than its own weight, and/or
that resists a horizontal force parallel to the wall,
other than seismic shears resulting from its own
weight, is classified as a structural wall. Other
walls and partitions are classified as nonstructural
and are treated in chapter 11.

6-2. General.
a Function. Shear walls are vertical elements

in the lateral force resisting system. They trans-
mit lateral forces from the diaphragm above to the
diaphragm below or the foundation.

b. Shear wall types. Two basic shear wall sys-
tems are defined in SEAOC Table l-G; light,
framed walls with shear panels of plywood and
certain other materials, and shear walls of rein-
forced concrete and reinforced masonry.

c. Design criteria General discussions of shear
walls are presented in paragraphs 6-3 through
6-6. The details of concrete shear walls are cov-
ered in paragraph 6-7, precast concrete shear
walls in 6–8, masonry shear walls in 6–9, wood
stud shear walls in 6-10, and steel stud shear
walls in 6-11.

6-3. Design forces. Walls may be subjected to
both vertical (gravity) and horizontal (wind or
earthquake) forces. The horizontal forces are both
in plane and out of plane. When considered under
their in-plane loads, walls are called shear walls;
when considered under their out-of-plane loads
they are called normal walls. Walls will be de-
signed to withstand all vertical loads and horizon-
tal forces, both parallel to and normal to the flat
surface, with due allowance for the effect of any
eccentric loading or overturning forces generated.
Any wall, whether or not intended as part of the
lateral force resisting system, is subjected to lat-
eral forces unless it is isolated on three sides (both
ends and top), in which case it is classified as
nonstructural. Any wall that is not isolated will
participate in shear resistance to horizontal forces
parallel to the wall, since it tends to deform under
stress when the surrounding framework deforms.

6-4. Wall components. Reinforced concrete and
reinforced masonry shear walls are seldom simple
walls. Whenever a wall has doors, windows, or
other openings, the wall must be considered as an
assemblage of relatively flexible components
(column segments and wall piers) and relatively
stiff elements (wall segments).

a. Column segments. A column segment is a
vertical member whose height exceeds three times
its thickness and whose width is less than two and
one-half times its thickness. Its load is usually
predominantly axial. Although it may contribute
little to the lateral force resistance of the shear
wall, its rigidity must be considered. When a
column is built integral with a wall, the portion of
the column that projects from the face of the wall
is called a pilaster. Column segments shall be
designed according to ACI 318 for concrete and
TM 5–809–3/AFM 88–3, Chap 3 for masonry.

b. Wall piers. A wall pier is a segment of a wall
whose horizontal length is between two and one-
half and six times its thickness and whose clear
height is at least two times its horizontal length.

c. Wall segments. Wall segments are compo-
nents that are longer than wall piers. They are the
primary resisting components in the shear wall.

6-5. In-plane effects. Horizontal forces at any
floor or roof level are generally transferred to the
ground (foundation) by using the strength and
rigidity of shear walls (and partitions). A shear
wall may be considered analogous to a cantilever
plate girder standing on end in a vertical plane
where the wall performs the function of a plate
girder web, the pilasters or floor diaphragms func-
tion as web stiffeners, and the integral reinforce-
ment of the vertical boundaries functions as
flanges. Axial, flexural, and shear forces must be
considered in the design of shear walls. The tensile
forces on shear wall elements resulting from the
combination of seismic uplift forces and seismic
overturning moments must be resisted by anchor-
age into the foundation medium unless the uplift
can be counteracted by gravity loads (e.g., 0.85 of
dead load) mobilized from neighboring elements. A
shear wall may be constructed of materials such as
concrete, wood, unit masonry, or metal in various
forms. Design procedures for such materials as
cast-in-place reinforced concrete and reinforced
unit masonry are well known and present no
problem to the designer once the loading and
reaction system is determined. Other materials
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frequently used to support vertical loads from
floors and roofs have well-established vertical load
carrying characteristics but have required tests to
demonstrate their ability to resist lateral forces.
Various types of wood sheathing and metal siding
fall into this category. Where a shear wall is made
up of units such as plywood, gypsum wallboard,
tilt-up concrete units, or metal panel units, its
characteristics are, to a large degree, dependent
upon the attachments of one unit to another and
to the supporting members.

a. Rigidity analysis. For a building with rigid
diaphragms, there is a torsional moment, and a
rigidity analysis is required. Refer to chapter 5. It
is necessary to make a logical and consistent
distribution of story shears to each wall. An exact
determination of wall rigidities is very difficult
but is not necessary because only relative rigidities
are needed. Approximate methods in which the
deflections of portions of walls are combined usu-
ally are adequate.

(1) Wall deflections. The rigidity of a wall is
usually defined as the force required to cause a
unit deflection. Rigidity is expressed in kips per
inch. The deflection of a concrete shear wall is the
sum of the shear and flexural deflections. See
figure 6-1. In the case of a solid wall with no
openings, the computations of deflection are quite
simple. However, where the shear wall has open-
ings, as for doors and windows, the computations
for deflection and rigidity are much more complex.
An exact analysis, considering angular rotation of
elements, rib shortening, etc., is very time-
consuming. For this reason, several short-cut ap-
proximate methods involving more-or-less valid
assumptions have been developed. These do not

always give consistent or satisfactory results. A
conservative approach and judgment must be used.

(2) Deflection charts. The calculation of deflec-
tions is facilitated by the use of the deflection
charts. See figure 6-4 for fixed-ended corner and
rectangular piers. Curves 5 and 6 are for cantile-
ver corner and rectangular piers. The corner pier
curves are for the special case where the moment
of inertia, I, of the corner pier is 1.5 times that of
a rectangular pier. For other I-values the bending
portion of the deflection would be proportional.
The deflections shown on the charts are for a
horizontal load, P, of 1,000,000 pounds. The deflec-
tions shown on the charts are reasonably accurate.
The formulas written on the curves can be used to
check the results. However, the charts will give no
better results than the assumptions made in the
shear wall analysis. For instance, the point of
contraflexure of a vertical pier may not be in the
center of the pier height. In some cases the point
of contraflexure may be selected by judgment and
an interpolation made between the cantilever and
fixed conditions.

(3) Foundation effects. The rotation at the
foundation can greatly influence the overall rigid-
ity of a shear wall because of the very rigid nature
of the shear wall itself; however, the rotational
influence on relative rigidities of walls for pur-
poses of horizontal force distribution may not be as
significant. Considering the complexities of soil
behavior, a quantitative evaluation of the founda-
tion rotation is generally not practical, but a
qualitative evaluation, recognizing the limitations
and using good judgment, will be provided.

(4) Framework effects. The relative rigidity
concrete or unit masonry walls with openings

of
is

(a) Shear Deformation (b) Flexural Deformation
Figure 6-1. Shear wall deformation.
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usually much greater than that of the building
framework. Thus, the walls tend to resist essen-
tially all or a major part of the lateral force.

b. Effect of openings. The effect of openings on
the ability of shear walls to resist lateral forces
must be considered. If openings are very small,
their effect on the overall state of stress in a shear
wall is minor. Large openings have a more pro-
nounced effect and, if large enough, result in a
system in which typical frame action predomi-
nates. Openings commonly occur in regularly
spaced vertical rows throughout the height of the
wall, and the connection between the wall sections
is provided by either connecting beams (or span-
drels), which form a part of the wall, or floor slabs,
or a combination of both. If the openings do not
line up vertically and/or horizontally, the complex-
ity of the analysis is greatly increased. In most
cases, a rigorous analysis of a wall with openings
is not required. In the design of a wall with
openings, the deformations must be visualized in
order to establish some approximate method for
analyzing the stress distribution to the wall. Fig-
ures 6-1 and 6-2 give some visual descriptions of
such deformations. The major points that must be
considered are the lengthening and shortening of
the extreme sides (boundaries) due to deep beam
action, the stress concentration at the corner junc-
tions of the horizontal and vertical components
between openings, and the shear and diagonal
tension in both the horizontal and vertical
components.

(1) Relative rigidities of piers and spandrels.
The ease of methods of analysis for walls with
openings is greatly dependent on the relative
rigidities of the piers and the spandrels, as well as
the general geometry of the building. Figure 6-3
shows two extreme examples of relative rigidities
of exterior walls of a building. In figure 6–3 the
piers are very rigid and the spandrels are very
flexible. Assuming a rigid base, the shear walls
act as vertical cantilevers. When a lateral force is
applied, the spandrels act as struts that flexurally
deform to be compatible with the deformation of
the cantilever piers. It is relatively simple to
determine the forces on the cantilever piers by
ignoring the deformation characteristics of the
spandrels. The spandrels are then designed to be
compatible with the pier deformations. In figure
6–3, the piers are relatively flexible compared
with the spandrels. The spandrels are assumed to
be infinitely rigid, and the piers are analyzed as
fixed-ended columns. The spandrels are then de-
signed for the forces induced by the columns. The
overall wall system is also analyzed for overturn-
ing forces that induce axial forces into the col-
umns. The calculations of relative rigidities for
both cases shown in figure 6-3 can be aided by the
charts in figure 6-4. For cases of relative spandrel
and pier rigidities other than those shown, the
analysis and design become more complex.

(2) Methods of analysis. Approximate methods
for analyzing walls with openings are generally
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Figure 6-3. Relative rigidities of piers and spandrels.

acceptable. For the extreme cases shown in figure
6–3, the procedure is straightforward. For other
cases, a variety of assumptions may be used to
determine the most critical loads on various ele-
ments, thus resulting in a conservative design.
(Note: In some cases a few additional reinforcing
bars, at little additional cost, can greatly increase
the strength of shear walls with openings.) How-
ever, when the reinforcement requirements or the
resulting stresses of this approach appear exces-
sively large, a rigorous analysis may be justified.

c. Coupled shear walls. When two or more shear
walls in one plane are linked together by coupling
beams, interactive forces are transmitted to the
shear walls by the beams. In addition to these
axial forces, the beams develop moments and

6-4

shears that contribute to the resistance of the
walls to overturning. The magnitude of the resist-
ing beam bending moments and vertical shears is
dependent on the relative stiffnesses of the walls
and the coupling beams. It should be noted that
the foundation itself functions as a coupling beam.
Accurate determination of the resisting forces can
be complex; therefore, approximate methods are
generally used. One method may be used for
calculating the axial forces and another method
may be used for calculating bending moments and
shears to ensure that the structural elements are
not underdesigned.

d. Construction joints and dowels. The contact
faces of shear wall construction joints have exhib-
ited slippage and related drift damage in past
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Figure 6-4. Design curves for masonry and concrete shear walls.

earthquakes. Consideration must be given to the
location and details of construction joints. They
must be clean and roughened. Shear friction rein-
forcement may be utilized in accordance with ACI
11.7. For this procedure a coefficient of friction of
0.6 is suggested for seismic effects.

6-6. Out-of-plane effects.
a. Lateral forces. Walls and partitions must

safely resist horizontal seismic forces normal to
their flat surface (fig 6-5, part a). At the same
time they must resist moments and shears induced
by relative deflections of the diaphragms above
and below (fig 6–5, part b). The normal force on a
wall is a function of its weight. The equation given
in SEAOC 1G is FP = ZIC pW p with CP = 0.75;

however, wind forces, other forces, or interstory
drift will frequently govern the design. (For canti-
levered walls, see paragraph c below.) The design
force will be applied to the wall in both inward
and outward directions.

b. Wall behavior. Walls usually distribute nor-
mal forces vertically to the horizontal resisting
elements above or below. They may also distribute
normal forces to frames or other walls or frames.
A wall may be either continuous or discontinuous
across its supports.

c. Cantilevered walls. Where walls, such as par-
apets, are cantilevered, the anchorage for reaction
and cantilever moment is required to be fully
developed (fig 6-5, part c). Cp for this condition is

6-5



TM 5-809-10/NAVFAC P-355/AFM 88-3, Chap 13

Figure 6-4. Continued

2.00, per SEAOC Table l–H. Where a parapet wall
is anchored to a conrete roof slab and is not a
continuation of a wall below, the roof slab will be
designed for the cantilever moment. Where the
parapet is a continuation of a wall below, the
cantilever moment will be divided between the
concrete slab and the wall below in proportion to
their relative stiffnesses. Where the parapet is an
extension of a wall below and is anchored to a roof
or floor of wood, metal deck, or other similar
materials the moment at the base of the parapet
will be developed into the wall below. In this case
the anchorage force to the roof will be determined
by the usual methods of analysis, assuming a
pinned condition for the connection of the roof to
the wall.

d. Connections. Walls will be anchored to the
structural frame or diaphragm by dowels, anchor
bolts, or other approved methods to withstand the
design forces, but in no case less than 200 pounds
per lineal foot. Dovetail anchors are inadequate for
this purpose. Nonstructural partitions will be iso-
lated from exterior walls and shear partitions so
as to prevent buttress action, which would restrict

6-6

shear walls from deflecting with the diaphragms.
Isolated partitions will be braced to overhead
construction or anchored to other isolated cross
walls to ensure lateral stability under out-of-plane
loading.

6-7. Cast-in-place concrete shear walls.
a. General design criteria. The criteria used to

design reinforced concrete shear walls will be ACI
318 as modified by the amendments given in
appendix C. For tilt-up and other precast concrete
shear walls, refer to paragraph 6–8. For details of
reinforcement, see figures 6–6 and 6–7.

b. Boundary element requirements.
(1) ACI 21.5.3 prescribes when boundary ele-

ments are required at the boundaries and edges
around openings of shear walls and also specifies
that these elements be designed to carry the
factored gravity and seismic overturning forces.
The elements may be either special reinforced
concrete columns (ACI 21.5.3.2) or structural steel
columns (SEAOC 3E4).

(2) Boundary elements are required when the
gross-section compressive stress due to factored
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C . Parapet Loading

Figure 6-5. Out-of-plane effects.
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Figure 6-6. Minimum concrete shear wall reinforcement (two curtains).
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Figure 6-7. Minimum concrete shear wall reinforcement (one curtain).

forces exceeds 0.2 f' c at the edge of the wall
boundary or opening.

(3) Wall boundary elements may also occur in
the building frame system and the dual system
(systems B3a and D1a and b in SEAOC Table
l-G), where the usual configuration is to place the
shear walls within the bays between the frame
columns. See figure 6-8 for details of shear walls
with boundary elements.

(4) When boundary elements are not required
(when gross-section compressive stress is less than
or equal to 0.2 f'c), then only a minimum amount
of boundary and edge steel is required by SEAOC
3E2 and 3E3. Details are shown in figures 6-6 and
6-7.

c. Wall piers. Refer to appendix C, paragraph
C-19, for design.

6-8. Tilt-up and other precast concrete shear
walls.

a Analysis. Where tilt-up or precast concrete
walls are used as shear walls, the analysis is
similar to that for walls of cast-in-place concrete;
however, in this case the boundary conditions
become critical, and the shears between precast
and cast-in-place elements must be analyzed.
Shears between two precast elements or between a
precast element and a cast-in-place element may
be developed by shear keys, dowels, or welded
inserts. The contact joint itself is a cold joint and
will be given no shear or tension value.

b. Joints. Precast concrete elements tend to be
structurally separate, one element from another.
In the case of precast wall construction, for in-
stance, one might have a series of concrete ele-
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NOTES : For Sections A-A, B-B, and C-C, see Figure 6-8, 2 0F 2.
Special  vert ical  boundary members,  as shown above, shal l  be
provided at  the edges of  concrete shear wal ls in zones 3 and 4
when required by ACI 318-89, Sect.  21.5.3

Figure 6-8. Shear wall with special boundary members.

ments tied together at top and bottom but struc-
turally separated from each other by vertical
joints. Since all elements in a line are tied to-
gether at the top, they must have equal horizontal
deflections; therefore, a horizontal force parallel to
the line of units will be resisted by the individual
elements in proportion to relative rigidities. Such
elements may not have equal rigidities, since some
may contain large openings or may be of different
height-width ratios. Some elements may deflect
primarily in shear and others primarily in flexure.
Where significant dissimilar deflections are found,
the building elements tying the individual units

6-10

together must be analyzed to determine their
ability to resist or accept such deformations, in-
cluding angular rotation, without losing their abil-
ity to function as ties or diaphragm chords or
footings. Mechanical keys or sleeved dowels may
be used to assist in eliminating differential move-
ment of adjacent precast panels separated by
control joints where appearance and weather-
tightness are otherwise satisfactorily provided.

c. Connectors for shear walls. Past earthquakes
have shown that the performance of weld plates or
other nonductile connectors has often been poor,
and in many cases they have resulted in failures.
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NOTES : For location of sections, see Figure 6-8, SHEET 1
For 1d, development length in tension, SEE ACI 12.2

Figure 6-8.

These connectors have been weak links in the
shear wall connection. It is important that the
load bearing shear walls be more stringently or
conservatively designed, since any connector fail-
ure during an earthquake may result in progres-
sive failure to collapse. Therefore, all connectors
for load-bearing and non-load-bearing walls will be
designed for 3(RW/8) times the actual seismic shear
forces. The shear force will be uniformly distrib-

Continued.

uted throughout the height or length of the shear
wall with reasonably spaced connectors (maximum
spacing 4 feet) rather than with a few that will
have localized concentration of stresses. Detailed
calculations will be made, including the localized
effects in concrete walls attributed from these
connectors. Sufficient details of connectors and
embedded anchorage will be provided to preclude
construction deficiency.
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Figure 6-9. Tilt-up and other precast concrete walk-typical details of attachment.

d. Typical details. Refer to figure 6-9 for typical reinforced with deformed bars for axial, flexural,
details of attachments. shear, and diagonal tension stresses as determined

by design calculations. Additional reinforcing bars
6-9. Masonry shear walls. are prescribed for use around openings, at corners,

a. General design criteria. This section pre- at anchored intersections, and at the ends of wall
scribes the criteria for the structural design of panels (for example, at control joints). The mini-
shear walls of unit masonry construction. The mum reinforcement prescribed in the manual is
basic reference document is TM 5-809-3/AFM intended to provide empirical requirements relative
88-3, Chap 3. For calculation of shearing stress, to damage control (ductility and boundary condi-
masonry shear walls will be designed to resist 1.5 tions). Layout and details of construction will be
times the forces determined in accordance with compatible with the application of the rules for
SEAOC 2E2. modular measure.

b. Basic requirements. Unit masonry will be c. Special requirements.
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(1) Excluded materials. The following materi-
als will not be used as part of the structural
frame:

(a) In Zone 2, glass block, non-load-bearing
masonry units, plastic cement, masonry cement,
and mortar with more than 1-¼ parts by volume of
hydrated lime or lime putty per one part of
portland cement.

(b) In Zones 3 and 4, glass block, non-load-
bearing masonry units, plastic cement, masonry
cement, and mortar with more than ½ part by
volume of hydrated lime or lime putty per one part
of portland cement.

(2) Stacked bond. Since a running bond pat-
tern is the strongest and most economical, the
criteria in this manual are based upon each wythe
of masonry being constructed in a running bond
pattern. The use of a stacked bond pattern will be
restricted to reinforced walls essential to the archi-
tectural treatment. Filled-cell masonry or grouted
masonry will be used. For filled-cell masonry, open
end blocks will be used and so arranged that
closed ends are not abutting and all head joints
are made solid, and bond beam units shall be used
to facilitate the flow of grout.

(3) Height limit. Unit masonry construction
will not be used for shear walls where the height
of the building exceeds the limits given in SEAOC
Table l-G.

(4) Joint reinforcement. Joint reinforcement
will not be used in the calculation of shear
strength.

(5) Mechanical splices. Mechanical splices will
develop 125 percent of the specified yield strength
of the bar in tension, except that for compression
bars in columns that are not part of the seismic
system and are not subject to flexure, the compres-
sive strength only need be developed.

(6) Cavity walls. Cavity walls are not practical
for use as shear walls because each wythe individ-
ually, and both wythes acting together in propor-
tion to their relative rigidities, must be capable of
carrying the required loads. It is usually much
more economical to construct a two-wythe cavity
type wall by using an interior structural wythe
and an exterior nonstructural anchored veneer
wythe. See chapter 11 for requirements for an-
chored veneer.

(7) Drawings. The locations of control joints
and the identification of structural and nonstruc-
tural walls and partitions for all masonry con-
struction will be shown on preliminary and con-
tract drawings. On contract drawings, complete
details for masonry, reinforcement, and connec-
tions to other elements will be shown. Detailing
procedures outlined in ACI-315 are generally ap-
plicable to reinforced masonry.

(8) Frame qualifications. Masonry columns or
pilasters will not be used to qualify a structure for
a complete vertical load carrying space frame so as
to increase the RW-factor above that of a bearing
wall system. Masonry columns will not be” used in
rigid frame construction.

d. Types of reinforced masonry walls. Masonry
will conform to one of the following basic types:
reinforced grouted masonry, reinforced hollow ma-
sonry, or reinforced filled-cell masonry.

(1) Reinforced grouted masonry is that type of
construction made with two wythes of masonry
units in which the collar joint between is rein-
forced and filled solidly with concrete grout. The
grout may be placed as the work progresses or
after the masonry units are laid. Collar joints will
be reinforced with deformed bars, both vertical
and horizontal. Reinforcement and embedded
items such as structural connections and electrical
conduit shall be positioned so as to allow proper
placement of grout. All units will be laid in
running bond with full shoved head and bed
mortar joints. Masonry headers will not project
into grout spaces. Clipped-brick headers will be
used where the appearance of masonry headers is
required. See figure 6-10.

(2) Reinforced hollow masonry is that type of
construction made with a single wythe of hollow
masonry units (concrete or clay blocks), reinforced
vertically and horizontally with steel bars, and
cores and voids containing reinforcing bars or
embedded items are filled with grout as the work
progresses. See figure 6–11.

(3) Reinforced filled-cell masonry is that type
of construction made with a single wythe of hollow
masonry units, reinforced vertically and horizon-
tally with deformed steel bars, and all cores and
voids are filled solidly with grout after the wall is
laid. See figure 6-12.

e. Bond beams. Bond beams will be located as
indicated in figure 6-13. Reinforcement bars in
bond beams will be lapped as prescribed in TM
5–809-3/AFM 88-33, Chap 3 at splices, at inter-
sections, and at corners. Bar splices will be stag-
gered. Bond beams will be provided at top of
masonry foundation wall stems, below and at top
of openings or immediately above lintels, at floor
and roof levels, and at top of parapet walls.
Intermediate bond beams will be provided as
required to conform to the maximum spacing of
horizontal bars. However, whenever the height is
not a multiple of this normal spacing, the spacing
may be increased up to a maximum of 24 inches,
provided the bond beams are supplemented with
joint reinforcement. One line of joint reinforcement
will be provided for each 8-inch increase in the
spacing. No additional bond beam will be required
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Figure 6--10. Reinforced grouted masonry.
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Figure 6-11. Reinfor

between window openings that do not exceed 6 feet
in height, provided the prescribed supplemental
joint reinforcement is installed. To facilitate the
placement of steel or concrete core fill, the top
bond beam for filler walls or partitions may be
placed in the next-to-top course. The area of bond
beam reinforcement will be included as part of the
minimum horizontal steel.

f. Control joints. Control joints may be required
under the provisions of TM 5-809–3/AFM 88–3,
Chap 3. The placement of control joints must be
coordinated with the seismic design. Because the
control joints provide a complete separation of the
masonry, the location of control joints frees the
length of wall panels and, in turn, the rigidity of

ced hollow masonry.

the walls, the distribution of seismic forces, and
the resulting unit stresses. Therefore, adding,
eliminating, or relocating control joints will not be
permitted once the structural design is complete.
Control joints will never be assumed to transfer
bending moments or diagonal tension across the
joint: joint reinforcement and bars in nonstruc-
tural bond beams will be terminated at control
joints. Deformed bars in structural bond beams
(those acting as chords and collectors) will be made
continuous for the length of the diaphragm. Refer
to figure 6-14.

g. Design considerations.
(1) Wall weights. Refer to TM 5-809-3/AFM

88-3, Chap 3 for the, average weight of concrete
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Figure 6-12. Reinforced filled-cell masonry.

masonry units and the average weight of com-
pleted walls.

(2) Shearing stresses in hollow masonry. Refer
to TM 5–809-3/AFM 88–3, Chap 3 for the assumed
effective area for hollow masonry and the equiva-
lent thickness of hollow masonry for computing
stress due to shear parallel to the face.

(3) Boundary elements. When masonry shear
walls are used as part of a dual system (i.e.,
systems D1c and D1d in SEAOC Table l-G),
special vertical boundary elements are required.
These elements will be composed of structural

steel or reinforced concrete in accordance with ACI
21.5.3.

h. Reinforcing. Typical reinforcement is shown
in figure 6-14.

(1) Minimum reinforcing. Unit masonry must
be reinforced not only for structural strength but
to provide ductile properties and to hold it to-
gether in the event of severe seismic disturbance.
All walls and partitions will be reinforced as
required by structural calculations, but in no case
with less than the minimum area of steel and the
maximum spacing of bars prescribed below. The
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Figure 6–13. Location of bond beams.

minimum reinforcement and the maximum spac-
ing of bars is controlled by the type of wall and
the seismic zone. Table 6-1 applies. Only rein-
forcement that is continuous in any wall panel
will be considered in computing the minimum area
of reinforcement. Joint reinforcement used for
crack control or mechanical bonding may be con-
sidered as part of the total minimum horizontal
reinforcement but will not be used to resist com-
puted stresses. (For Zone 1 structures, the excep-
tion for wall reinforcement under table 6–1 ap-
plies. Where the exception applies, masonry
construction will conform to TM 5–809–3/AFM
88–3, Chap 3. Further additional bars will be
provided around openings, at corners, at anchored
intersections in wall piers, and at ends of wall
panels as prescribed elsewhere in this chapter.
Vertical bars in walls will be spliced as prescribed
in TM 5–809-3/AFM 88-3, Chap 3.

(2) Reinforcing in shear walls. In Zones 3 and
4, reinforcement required to resist in-plane shear
will be terminated with a standard hook or with
an extension of proper embedment length beyond
the reinforcing at the end of the wall section. The
hook or extension may be turned up, down, or
horizontally. Provisions will be made not to ob-
struct grout placement. Wall reinforcement termi-
nating in columns or beams will be fully anchored
into these elements.

(3) Reinforcing in wall piers. Horizontal rein-
forcement will be in the form of ties as shown in
figure 6-14.

(4) Column ties. In Zones 3 and 4, the spacing
of column ties will not be more than 8 inches the
full height for columns stressed by tensile or
compressive axial overturning forces due to the

seismic loads of chapter 3; 8 inches for the tops
and bottoms of all other columns for a distance of
one-sixth of the clear column height, but not less
than 18 inches nor the maximum column dimen-
sion. Tie spacing for the remaining column height
will be not more than 16 bar diameters, 48 tie
diameters, or the least column dimension, but not
more than 18 inches. Hooks in column ties will
have a minimum turn of 135 degrees plus an
extension of at least six bar diameters, but not less
than 4 inches at the free end of the bar, except
that where the ties are placed in the horizontal
bed joints, the hook will consist of a 90-degree
bend having a radius of not less than four bar
diameters plus an extension of 32 bar diameters.

(5) Reinforcing in stacked bond. In Seismic
Zone 2, the minimum horizontal reinforcement
ratio shall be .0007 bt. This ratio shall be satisfied
by uniformly distributed joint reinforcement fully
embedded in mortar or by horizontal reinforce-
ment spaced not over 4 feet and fully embedded in
grout. In Seismic Zones 3 and 4 the minimum
horizontal reinforcement ratio shall be .015 bt. If
open end units are used and grouted solid, then
the minimum horizontal reinforcement ratio shall
be .0007 bt.

(6) Reinforcing at wall openings. Since the
area around wall openings is vulnerable to failure,
supplemental reinforcement is prescribed herein.
For purposes of this paragraph, the term jamb
bars will means bars of the same size, number,
extent, and anchorages as the typical vertical stud
reinforcement in that wall, and in no case less
than one bar, #4 or larger. Refer to figure 6–15.

(a) Case Z. Case I applies to all openings in
nonstructural partitions. over 100 square inches,
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Total Minimum Maximum spacing of bars (inches)
Reinforcement

(percent) 1,2 Vertical bars Horizontal bars

Seismic Zone Seismic Zone Seismic  Zone  

4&3 2 1 3 4&3 2 1 3 4&3 2 1 3

structural 0.20 0.20 0.15 24 36 60 48 60 72

Nonstructural 0.15 0.15 0.15 48 60 72 84 84 96

NOTES
1The total minimum reinforcement is the sum of the vertical and horizontal reinforcement; not less than 1/3 of the prescribed

total minimum reinforcement will be used in either direction.

2 The percentage of area reinforcement is based on gross area of wall (nominal dimensions).

3Exception:  In seismic zone 1, one-story structures with cave heights not exceeding 14 feet; and two-story and three-story
structures with story heights not exceeding 12 feet, the maximum spacing of vertical reinforcement in structural and
nonstructural walls will be 6 feet and 8 feet, respectively.  Vertical reinforcement will also be provided at each side of each
opening and each corner. Horizontal reinforcement will be provided at top of footings and at the bottom and top of openings.
These walls must be capable of resisting seismic zone 1 loads.

Table 6-1. Minimum wall reinforcement.

Case I Case II Case III

Refer to paragraph 6-9h (2) for application of Cases I, II, and 111.

Figure 6-15. Reinforcement around wall openings.

and any opening in structural partitions or exte-
rior walls that is 2 feet or less both ways but over
100 square inches. Jamb bars will be provided on
each side of the opening and at least one bar, #4
or larger, will be provided at top and bottom of the
opening. The lintel bars above the opening may
serve as the top horizontal bar, and a bond beam
bar at the bottom of the opening may serve as the
bottom horizontal bar.

(b) Case II. Case II applies to exterior walls
and structural partitions for any opening that
exceeds 2 feet but is not over 4 feet in any

direction. The perimeter reinforcement will be the
same as in Case I plus additional reinforcement as
follows at least one bar, #4 or larger, will be
provided on all four sides of the opening in
addition to the bars required in Case I and shall
extend not less than 40 bar diameters or 24
inches, whichever is larger, beyond the corners of
the opening.

(c) Case III. Case III applies to any opening
that exceeds 4 feet in either direction in exterior
walls or structural partitions. The perimeter rein-
forcement will be the same as in Case II, except
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that vertical jamb bars will be provided in lieu of
the shorter vertical bars.

i. Additional details. See figure 6-16.

6-10. Wood stud shear walls.
a. General design criteria. The criteria used to

design wood stud shear walls are presented in
SEAOC, chapter 5 and the additional criteria in
this section.

b. Allowable shears for plywood. Details of ply-
wood sheathed walls are shown in figure 6–17, and
the allowable shears are shown in figure 6–18.
The usual one-third increase for short-term seismic
loads is not applicable to these allowable shear
values. When a combination of plywood and other
materials is used, the shear strength of the walls
will be determined by the values permitted for
plywood alone.

c. Allowable shears for sheathing other than
plywood. Figure 6-19 gives in tabular form the
maximum height-width ratios and allowable shear
per lineal foot for wood stud shear walls with
various types of sheathing or plaster except for
plywood sheathed walls. The usual one-third in-
crease for short-time seismic loads is not applica-
ble to these allowable shear values. The strength
of any wood stud shear wall may be made up of a
combination of the materials listed. In no case
shall the allowable shears for combinations of
materials exceed 600 pounds per lineal foot.

d. Deflections. Procedures for calculating the
deflection of wood frame shear walls are not yet
available. The maximum height-width limitations
given herein are presumed to satisfactorily control
deflections. Relative stiffnesses of wood stud shear
walls will be measured by the effective lineal
width of walls or piers between openings.

e. Let-in brace. Except when used in combina-
tion with diagonal sheathing or plywood, a l-inch
by 4-inch brace let into the studs may be used to
resist an additional horizontal force not exceeding
1,000 pounds, provided the total value of the shear
wall does not exceed 600 pounds per foot. Each
such brace shall be nailed to each stud and to the
top and bottom plates with two 8d nails.

f. Wall tie-down. The end studs of any plywood
sheathed shear wall and/or shear wall pier will be
tied down in such a manner as to resist the
overturning forces produced by seismic forces par-
allel to the shear wall. This overturning force is
sometimes of sufficient magnitude to require spe-
cial steel attachment details. A commonly used
detail is shown on figure 6-20. Tie-downs will be
computed using the required stresses for wood and
its fastenings increased one-third for seismic forces.

6-11. Steel stud shear walls.

a. Description of system. Steel studs may be
used in lieu of wood studs in structural bearing
walls. To function as shear walls, steel-stud walls
need bracing. In principle, plywood sheathing
could be used, but there are no available allowable
shear values. Instead, it is customary to use
diagonal braces made of steel straps welded to the
face of the steel studs. Sheathing such as plywood
or gypsum board may be used to serve architec-
tural purposes such as containing insulation and
backing up finishes.

b. Design criteria. This is system A3 in SEAOC
Table 1–G the RW-value is 4. In this manual this
category envisions structures with lateral forces
that come from a roof and the upper part of walls,
and that are small in magnitude. The system is
limited to buildings of one story. The system will
not be used for lateral support of masonry or
precast panels.

c. Detailed design requirements. Figure 6-21
shows a few typical details for this light construc-
tion. Figure 6–21, sheet 1, shows a steel-strap
brace that can be used to resist a maximum load
of 1,000 pounds per brace. Note several essential
features of that detail:

(1) The end of the diagonal strap is concentric
with the stud and track and is welded all around
to those two members.

(2) The vertical component of force is trans-
mitted into the base via a structural steel angle
whose upstanding leg is welded to the stud at
locations very close to the flanges of the stud. This
angle detail holds the base of the stud and pre-
vents stresses and deflections that would occur in
the track if the stud were connected solely to the
track with the anchor bolt at some distance away.

(3) At least two straps are needed in each
wall, arranged so that there is sufficient tension
capacity in both directions of design force.

(4) The bottom track cannot be used to resist
uplift by bending of the track web (as noted in the
paragraph above concerning the brace detail).

(5) Both flanges of all studs must be braced
against torsional buckling.

(6) Screws may not be used to resist forces in
pullout.

(7) Provisions must be made for pretensioning
the straps or otherwise ensuring that they are not
loose.

(8) There will be some sheathing that will
provide additional stiffening and some redun-
dancy; if there is no sheathing, the designer
should provide remedial solutions.
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Figure 6-17. Plywood-sheathed wood stud shear walls.
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(a) For framing of other species: (1) Find species group of Iumber in the NFPA National Design Spec.
(2)(a) For common or galvanized box nails, find shear value from table above for nail size for

(d) Shears may be increased to values shown for 15/32-inch sheathing with same nailing provided

STRUCTURAL I panels (regardless of actual grade). (b) For galvanized casing nails, take shear
(1) studs are spaced a maximum of 16 inches oc, or (2) if panels are applied with long dimension
across studs

value directly from table above. (3) Multiply this value by 0.82 for Lumber Group Ill or 0.65 for lumber
Group IV.

(e) Framing at adjoining panel edges shall be 3-inch nominal or wider and nails shall be staggered
where nails are spaced 2 inches oc.

(b) All panel edges backed with 2-inch nominal or wider framing. lnstall panels either horizontally or
vertically. Space nails 6 inches oc along intermediate framing members for 3/8-inch and 7/16-inch

(f) Framing at adjoining panel edges shall be 3-inch nominal or wider and nails shall be staggered

panels installed on studs spaced 24 inches oc. For other conditions and panel thicknesses, space
where 10d nails having penetration into framing of more than 1-5/8 inches are spaced 3 inches oc.

nails 12 inches oc on intermediate supports
(g) Values apply to all-veneerer plywood APA RATED SIDING panels only APA RATED SIDING-16 oc

plywood may be 11/32 -inch , 3/8-inch or thicker .  Thickness at point of nailing on panel edges governs
(c) 3/8-inch or APA RATED SIDING 16 oc is minimum recommended when applied direct to framing shear values.

as exterior siding

Typical Layout for Shear Walls

Load Framing

Shear well boundary

Blocking Framing

Foundation resistance

Reprinted with permission from TABLE 22 in APA Design / Construction Guide, © American Plywood Association.

Figure 6-18. Allowable stresses for plywood-sheathed wood stud walls.
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Figure 6-19. Typical wood stud shear walls of various materials other than plywood
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NOTE: Angle, bolts, plates, footings, etc., to be designed
for uplift.

Figure 6-20. Wood stud walls-typical tie-down details.
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Figure 6–21. Steel stud shear walls-typical details
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Figure 6-21. Continued
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CHAPTER 7

BRACED FRAMES

7-1. Introduction. This chapter prescribes the
criteria for the design of vertical braced frames in
seismic areas, indicates principles and factors gov-
erning the design, and illustrates typical details of
construction.

7-2. General.
a. Function. Vertical braced frames are used to

transmit lateral forces from the diaphragm above
to the diaphragm below or to the foundations.
They are similar to shear walls in their general
function and their stiffness compared to the other
type of vertical element, the moment resisting
frame.

b. Definition of braced frame. In SEAOC lB, a
braced frame is defined as an essentially vertical
truss system of the concentric or eccentric type
that is provided to resist lateral forces. Note that
for braced frames, as for shear walls, the RW-value
depends on whether the frame is in a bearing-
wall or building-frame system.

c. Redundancy. A sufficient number of braced
frames should be provided so that a failure of a
single member or connection will not result in
instability of the entire lateral force resisting
system.

d. Braced frame types. The principal types of
braced frame are the familiar concentric braced
frame (CBF), the relatively new eccentric braced
frame (EBF), and the knee-braced frame (KBF).

e. Design criteria. The criteria governing the
design of vertical braced frames will be as pre-
scribed in this chapter.

(1) Structural steel braced frames. Structural
steel braced frames will conform to the require-
ments of SEAOC 4G for concentric braced frames
and SEAOC 4H for eccentric braced frames.

(2) Reinforced-concrete braced frames. Concen-
tric braced frames, permitted only in Zones 1 and
2, will conform to the requirements of ACI 21.5.
No procedures have been developed for eccentric
braced frames of reinforced concrete, because such
frames would not be likely to demonstrate desir-
able performance.

(3) Wood braced frames. Wood braced frames
will be designed by using normal procedures illus-
trated in many easily obtainable texts and are not
covered in this manual. The National Forest Prod-
ucts Association’s National Design Specification for
Wood Construction applies.

7-3. Concentric braced frames (CBF).
a. Eccentricities. Although the frame is called

“concentric”, there may be minor eccentricities
between member centerlines at the joints, and
these eccentricities are provided for in the design.
Such eccentricities do not mean that the frame is
an EBF: the EBF has unique properties and de-
sign methods.

b. Concentric braced frame types. Frames are
usually of steel and may be of various forms. The
X-braced panels, consisting of diagonal tension
members and vertical compression members, are
frequently used (fig 7-1, part a). Trussed portal
bracing or K-bracing is frequently used to permit
unobstructed openings (fig 7–1, part b). See restric-
tions in SEAOC 4G3b. Braced frames with single
diagonal members capable of taking compression
as well as tension are used to permit flexibility in
the location of openings (fig 7–1, part c). See
restrictions in SEAOC 4G1c. Chevron bracing is
also a common system for buildings (fig 7–1, part d
and fig 7–2). The deflection of braced frames is
readily computed using recognized methods.

c. Materials. CBFs are usually made of steel.
There are no SEAOC provisions for concrete
frames; in fact, CBFs of concrete are not permitted
in Zones 3 and 4 (SEAOC Table l–G).

d. Direction of brace force. Braces that are de-
signed for compression will, of course, act also in
tension. Braces may be designed for tension only,
but the use of such braces is discouraged because
they tend to stretch under earthquake tension,
then go slack during the load reversal, then snap
when tension is applied in a subsequent cycle.
SEAOC requires a minimum slenderness ratio
(SEAOC 4G1a) with certain exceptions for manu-
factured metal buildings and nonbuilding struc-
tures.

e. Effect of bracing on columns. The vertical
component of brace force is transferred into the
column and adds to the gravity load on the
column. When brace forces are relatively small
and the column design is governed by the gravity
loads, the frame should be considered a building
system, using RW of 8 as prescribed in SEAOC
Table l-G. When braces are few and heavily
loaded, their vertical components may govern the
design of the columns. In such cases the frame
should be considered a bearing wall system, using
smaller RW-factors as given in SEAOC Table l–G.
The concern with braces of the bearing wall
category is that their true, as-built ultimate capac-
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Figure 7-2. Bracing for a tier building.
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ity may be greater than is assumed in design, and,
therefore, that such braces could overload the
column to the point of collapse.

f. Configurations. Diagonal X-bracing is com-
mon in tension-only bracing. Single diagonal
braces are more common in compression-tension
bracing. The orientation of single braces should be
alternated so that not all of the braces are in
tension or compression at the same time (SEAOC
4G1c). Chevron bracing may have an interaction
with gravity load carrying beams; accordingly,
special requirements are provided in SEAOC
4G3a. K-bracing has a potentially dangerous effect
on columns; accordingly, it is subject to the re-
quirements of SEAOC 4G3b.

g. Connections. SEAOC 4G2 provides the re-
quirements for design of connections.

h. Low buildings. SEAOC 4G4 provides for
buildings not over two stories and for light roof
structures such as penthouses. Manufactured
metal buildings are intended to be included in this
category. In planning the use of manufactured
metal buildings, the designer is cautioned that
these buildings can perform well only when they
are kept light and simple, as they are intended to
be; they may have poor performance if extra

weight, such as masonry veneer, is added, or if
they are used as elements of a more complex
system.

7-4. Eccentric braced steel frames (EBF).
a. Definition. An EBF is a steel braced’ frame

designed in accordance with SEAOC 4H. At least
one end of each brace intersects a beam at a point
offset from the beam intersection with the column
or with the opposing brace (see fig 7–3). The short
section of the beam between opposing braces, or
between a brace and the beam-column intersec-
tion, is called the “link beam” and is the element
of the frame intended to provide inelastic cyclic
yielding.

b. Purpose. The intent of the eccentric braced
frame design is to provide a ductile link which will
yield in lieu of buckling of its braces when the
frame experiences dynamic loads in excess of its
elastic strength. Although they are usually easier
to detail, they are more complex to design than
CBFS, and they are most useful in Zones 3 and 4.

c. Characteristics. To take advantage of the duc-
tility of the link, it is important that all related
framing elements be strong enough to force the
link to yield and that they maintain their integ-
rity through the range of forces and displacements

Figure 7–3. Eccentric braced frame configurations.
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developed during the yielding of the link. The
braces are the most vulnerable of the framing
elements because seismic forces are by far the
dominant forces in their design. Other elements,
such as columns and collector beams, are less
vulnerable, since their seismic loads constitute a
smaller percentage of their total loads and since,
frequently, there are redundant load paths for
portions of the forces they carry. The rotation
demand on the link beam is a multiple of the
lateral drift of the frame as a whole, a multiple
that is a function of the geometry of the frame (see
figure 7-4). Link beams can yield in shear, in
bending, or in both shear and bending at the same
time. Which yield mechanism governs is a func-
tion of the relationship of link length to the ratio
of its bending strength to shear strength. Where
the length of the link beam is less than 1.6 Ms/Vs,
the yielding is almost entirely in shear. Where the
length is greater than 2.6 Ms/Vs, the yielding is
primarily in bending. Where the length is between
1.6 Ms/Vs and 2.6 MS/VS, both shear and bending
yield will occur. Since link beams that yield in
shear are considered to have the most stable
energy dissipating characteristics, most of the EBF
research has tested the cyclic inelastic capacity of
link beams with shear yielding at large rotations.
Consequently, most of the design provisions are
concerned with limiting the link beam shear yield
rotation to less than the maximum cyclic test
rotations and then requiring details indicated by
the tests as necessary to ensure that this rotation
can occur through a number of cycles without
failure.

d. Design criteria The specific criteria govern-
ing the design of eccentrically braced frames is
given in SEAOC 4H. It is explained in more detail
below.

(1) Link beam location and stability. Link
beams are the fuses of the EBF structural system
and are to be placed at locations that will preclude
buckling of the braces. A link beam must be
located in the intersecting beam at least at one
end of each brace. There are exceptions permitting
concentric bracing at the roof level and/or at the
bottom level of EBF over five stories in SEAOC
4H14 and 4H15. Compact sections meeting the
more restrictive flange-width-to-thickness ratio of

are required for the beam portions of
eccentric braced frames in order to provide the
beams with stable inelastic deformation character-
istics. The same requirement is used for the beams
of special moment resisting space frames.

(2) Link beam strength. The basic requirement
for link beam strength is given in SEAOC 4H4,
which requires that the shear in the link beam
web due to prescribed seismic forces be limited to

7-4

0.8 Vs. Paragraph 4H2 addresses the concern for
the effect that substantial axial loads in the link
beam could have on its inelastic deflection perfor-
mance. It presumes that in shear links the web’s
capacity is fully utilized in shear and that flanges
provide the needed axial and flexural capacity.
Shear links with a length less than 2.2 MSVS are
considered to be controlled by shear. Substantial
axial loads occur in some EBF configurations
when the link beam is required to transmit hori-
zontal forces to or from the braces. It is recom-
mended that, insofar as it is possible, link beams
be located so that they are not required to trans-
mit the horizontal force component of braces or
drag struts. Where axial forces in the link cannot
be avoided, SEAOC 4H2b requires that the flex-
ural strength used in calculations in SEAOC 4H7
and 4H12 be reduced by the axial stress fa, giving
M R S  = Z ( FY - fa). The fa used in SEAOC 4H2b
should correspond to the lesser value of the axial
force corresponding to yield of the link beam in
shear, or that which, when combined with link
bending, causes the beam flanges to yield.

(3) Link beam rotation. The link beam rota-
tion, at a frame drift of 3/8 RW times the drift
calculated from prescribed seismic forces, is lim-
ited to the values given in SEAOC 4H3. The
procedure for calculating the rotations is as follows
(refer to fig 7-4):

(a) Perform an elastic analysis of the frame
for the prescribed seismic forces, being certain that
the analysis includes the contribution of the elas-
tic shear deformation of the link beam.

(b) Calculate 3/8 RW times the drift angle
obtained from the analysis in (a). This angle is
denoted as δ in figure 7-4.

(c) Calculate the rotation angle 0, as shown
in figure 7–4, for the appropriate configuration.
This simplified procedure is slightly conservative,
since the elastic curvature of the beam segments
between hinges and of the brace deformations
have been ignored and would contribute a minor
amount of the required deformation. It should be
noted that calculation of the rotation by multiply-
ing the elastic deflections of the link beam by
3(RW/8) would be unconservative, since these de-
flections include elastic effects, such as the axial
deformation of the braces, that would not increase
proportionally after the link begins to yield.

(4) Link beam web. Link beam web doubler
plates are prohibited in SEAOC 4H4 because tests
have shown that they are not fully effective. The
performance of eccentric braced frames relies on
the predictability of the strength and strain char-
acteristics of the link beam. It is not considered
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Figure 74. Deformed-frame geometry

advisable to complicate the behavior of the link force corresponding to the controlling strength of

beam by permitting doublers or allowing holes the link beam. The controlling strength is either

within it. the shear strength VS or the reduced flexural

(5) Brace sizing. Once the link beam size has strength MRS described above, whichever results

been selected, the brace size is determined by the in the lesser force in the brace. Note that once the

requirement given in SEAOC 4H12 that its com- link beam is selected, the brace forces are deter-

pressive strength be at least 1.5 times the axial mined from its strength, and the brace forces
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calculated in the elastic analysis will not govern
and will not be used in the brace design.

(6) Brace-to-beam connection. SEAOC 4H5 re-
quires that the brace-to-beam connection develop
the compressive strength of the brace and that no
part of the brace-to-beam connection extend into
the web area of the link. The required develop-
ment may be at the strength level of the connec-
tion. The prohibition of the extension of the brace-
to-beam connection into the link beam is intended
to prevent physical attachments that might alter
the strength and deflection characteristics of the
link beam. It is not intended to prevent the
centerline intersection of brace and link beam
from intersecting within the link.

(7) Column sizing. SEAOC 4H13 requires that
the columns remain elastic at 1.25 times the forces
causing yield of the link beam. “Remain elastic
at” means the same as “have the strength to
resist.” The strength, including bending moments,
can be calculated using Part 2 of AISC.

(8) Beam-to-column connections. For link
beams that are adjacent to a column, special
connection criteria are given in SEAOC 4H11.
Where the link beam is not adjacent to the

column, a simpler criterion for connection is given
in SEAOC 4H18. Where the simpler connections
are used, consideration must be given to transmis-
sion of collector forces into the EBF bay.

(9) Intermediate stiffeners. SEAOC paragraphs
4H6 through 4H10 provide requirements for vari-
ous types of stiffeners necessary for the intended
performance of the link beams. Stiffener plates as
described in those paragraphs are required at the
following locations (see fig 7-5):

(a) At the brace end(s) of the link beam
(SEAOC 4H6)

(b) At bf from each end where link beam
length is between 1.6 MS / VS and 2.6 Ms/Vs
(SEAOC 4H6).

(c) At intermediate points along the link
beam where shear stresses control or are high
(SEAOC 4H7, 4H8).

7-5. Knee-braced frames (KBF).
a. Definition. A KBF is an assembly of a beam,

a column, and a brace whose ends are significantly
offset from the beam-column joints. The braces in
CBFS are either truly concentric or have small
eccentricities with the beam-column joints; accord-

Figure 7-5. Link beam and intermediate stiffeners.
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ingly, they induce forces that are primarily axial,
while the braces in KBFs have substantial eccen-
tricities and induce significant shearing and flex-
ural as well as axial stresses in the columns and
beams.

b. Function. Knee braces were often used in the
past to stiffen beams and to provide a measure of
lateral stability. Their popularity in recent years
has decreased markedly, particularly in zones of
high seismicity, because their seismic behavior
has become recognized as potentially dangerous.

c. Design considerations. There are two concerns
with KBFs. The first concern involves gravity
load any change in the load on the beam after the
brace is connected induces forces in all the compo-
nents of the frame; moreover, the brace has a
prying effect that can produce surprisingly large
forces in the beam-column joint. The sequence of
erection and the further application of superim-
posed loads must be carefully controlled. The
second concern involves seismic loads: another set
of loads is applied, and while the brace does stiffen
the frame, its as-built ultimate capacity may be

sufficient to cause bending in the column of suffi
cient magnitude to cause collapse.

d. Design criteria. KBFs should be designed
with RW value of 6. Steel KBFs are envisioned in
the opening statement of SEAOC 4G, which says
that 4G applies to all braced frames except EBFs
and also says that members that resist seismic
forces totally or partially by shear or flexure shall
be designed in accordance with SEAOC 4F
(SMRFS), Members of KBFs will be governed by
SEAOC 4G1; connections, by SEAOC 4G2. The
additional requirements of SEAOC 4F are pro-
vided in recognition of the fact that the KBF
resembles the moment frame in that the braced
corner of the KBF is analogous to the beam-
column joint in the moment frame. In the KBF,
the beam-column joint need not have moment
capacity if it qualifies under the exception in
SEAOC 4F1a(2). Other detailed provisions of
SEAOC 4F offer relief from the SMRF require-
ments when design forces are increased, as is the
case when the low R W factors for system A4
(SEAOC Table l-G) are used rather than the high
values for SMRF systems.
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CHAPTER 8

CONCRETE MOMENT RESISTING FRAMES

8-1. Introduction. This chapter prescribes the
criteria for the design of reinforced concrete mo-
ment resisting frames of buildings in seismic
areas; indicates principles, factors, and concepts
involved in seismic design of moment resisting
frames gives design data; and illustrates typical
details of construction.

8-2. General.
a. Function. Moment frames, like shear walls,

are vertical elements in a lateral force resisting
system that transmit lateral forces to the ground;
however, they differ from shear walls in that their
deflections result primarily from flexural deforma-
tions of their elements.

b. Frame behavior. The bending stiffness of the
moment resisting frame provides the lateral stabil-
ity of the structure (fig 8–l). It is important to
remember that deformations resulting from the
dynamic response to a major earthquake are much
greater than those determined from the applica-
tion of the prescribed design forces. This means
that a frame that meets the minimum strength
requirements of this manual will survive a major
earthquake only if it can yield and sustain cyclic
inelastic deformations without essential loss of
lateral resistance and vertical load capacity. Since
normal building materials have very limited
energy-absorbing capacity in the elastic range of
action, it follows that what is needed is a large
energy capacity in the inelastic range. The term
ductility is used to denote this property. Providing
a ductile seismic frame will allow the structure to
sustain tolerable and, in many cases, reparable
damage, instead of suffering catastrophic failure.
The energy dissipation, ductility, and structural
response (deformation) of moment resisting frames
depend upon the types of members, connections
(joints), and materials of construction used. The
behavior of joints is a critical factor in the ability
of building frames to resist high-intensity cyclic
loading.

8-3. Classification of concrete seismic moment
resisting frames. In this manual, concrete mo-
ment resisting frames are classified as Types A, B,
C, and D according to their particular design
provisions and details. The classification ranges
from the most ductile and energy absorptive, Type
A, to the least ductile, Type D. These types are
related to the special moment resisting frame
(SMRF), the intermediate moment resisting frame
(IMRF), and the ordinary moment resisting frame

(OMRF), as defined in SEAOC lB. Type A is equal
to the SMRF; Type B is the IMRF with some
specific provisions for bar development, and splices
of reinforcing; Type C is the OMRF with some
specific provisions for continuity of reinforcing, bar
development, and splices; Type D is the OMRF
designed according to ACI Chapters 1 through 12.
The requirements governing the use of Types A, B,
C, and D depend upon the seismic zone and its
corresponding level of seismic demand; the RW-
value employed and its inferred amount of inelas-
tic energy dissipation capability; and whether the
frame is the primary designated lateral force
resisting system or is the remaining nondesignat-
ed (but gravity load bearing) part of the complete
space frame. Table 8–1 shows the reinforced con-
crete frame systems organized according to the
classification of structural systems that is shown
in SEAOC Table l-G. Table 8–1 is a refinement of
SEAOC Table l-G, showing where the particular
frame types are either required or permitted.

8-4. Type A frames. This type is the SEAOC
SMRF. It has the highest degree of energy dissipa-
tion capacity and is required in the designated
moment resisting frame systems in Zones 3 and 4.
The basic concept of Type A frames is to provide
inelastic energy dissipation by flexural yielding in
the girder elements. Columns must, therefore, be
stronger than the flexural capacity of the girders,
and all elements must have shear resistance and
reinforcing bar anchorage capacity capable of de-
veloping the full flexural yield level in the girders.

a. General design requirements. This paragraph
summarizes the provisions given in Chapter 21 of
ACI 318–89 and the additional requirements of
the manual. In order to provide the girder yield
mechanism, the design provisions require:

(1) Compact proportions for the girder and
column sections, along with closely spaced seismic
ties or hoops for confinement of concrete in the
regions of potential flexural yielding.

(2) Column interaction flexural capacity
greater than 6/5 times the value required to
develop girder yield.

(3) Girder, column, and joint shear capacity
greater than shears induced by gravity loads and
the strain-hardened flexural capacity of the gird-
ers.

(4) Reinforcing bar splices and straight and
hooked bar anchorages capable of developing the
strain-hardened yield of the girder steel.
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Figure 8-1. Frame deformations.
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Seismic Zone

Structural system R W H 3&4 1&2

SEAOC B. Building frame system
3a. Concrete shear walls

Concrete frames that are not part of the lateral
force resisting system

Frame Type C 8 240 ft Yes N o
Frame Type D 8 - No Yes

SEAOC C. Moment resisting frame system*
1b. Type A 12 - Yes Yes
2. Type B 7 - No Yes
3b. Type C 5 – No Not in 2

SEAOC D. Dual System*
1a. Concrete shear walls with

Type A moment frames 12 - Yes Yes
lb. Concrete shear walls with

Type B moment frames 9 160 ft Yes Yes
3b. Concrete concentric braced frames with

Type A frames 9 - No Yes
3c. Concrete concentric braced frames with

Type B frames 6 - No Yes

*Concrete frames not part of the designated lateral force resisting system will be Type C in Zones
2,3, and 4, and maybe Type D in Zone 1.

Table 8-1. Concrete moment resisting frame systems.

b. The two phases of design. With the design
concept that inelastic behavior and energy dissipa-
tion are to be restricted to flexural yielding in the
confined concrete regions of the beam or girder
elements, the design process consists of two
phases. The first phase establishes the beam sizes
and capacities needed to resist the specified fac-
tored gravity and seismic load combinations. Then,
with the known girder strengths and some prelim-
inary column sizes, the second phase proportions
the shear resistance of the girders, columns, and
joints and establishes the column flexural
strengths such that all of these elements are able
to resist the effects of a strain-hardened flexural
yielding in the beams along with unfactored grav-
ity loads. The related specific requirements and
details are shown in figures 8-2 to 8-9, and the
design procedure is given by example in appendix
D.

8-5. Type B frames. This type is the SEAOC
IMRF with some modifications. It has a moderate
degree of energy dissipation capacity. Its use is
limited to Zones 1 and 2. It may be used as the
designated moment resisting frame in a building
frame system RW = 7. It may be used as the
moment resisting frame of a dual system, as

follows: with concrete concentric braced frames,
with RW = 6; with masonry shear walls, with RW

= 7; and with concrete shear walls, with RW = 9.
These RW-values represent lesser ductility com-
pared with the Type A frame. The design provi-
sions are essentially those of ACI 21.9, with
additional requirements given in the following
paragraphs. The additional requirements are in-
tended to provide for structural resistance to col-
lapse due to the rare but credible earthquake
effects in Zones 1 and 2.

a. Slab and column frames. Flat-plate or two-
way slab systems are permitted for the beam
elements of Type B frames. These slab systems
have a potential for a brittle mode of punching
shear failure at the column supports due to grav-
ity load combined with the eccentric shear caused
by moment transferred from the slab to the col-
umn. In order to prevent punching-shear failure
under the maximum expected earthquake deforma-
tion, the slab will have the capacity to resist
nonfactored gravity load effects together with the
transfer moment effects due to 3RW/8 times the
specified seismic forces. The value of the transfer
moment Mu used for the fraction
transferred by eccentricity of shear will therefore
be due to the load combination of D + L +
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Figure 8-2. Type A frame-limitations on dimensions.
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COLUMN:

f’c = 3,000 p.s.i. at 28 days Min.

fy = 40 ksi or 60 ksi

Figure 8-3.  Type A frame- longitudinal reinforcement.

8-5



TM 5-809-10/NAVFAC P-355/AFM 88-3, Chap 13

COLUMN:

id is the tension development length. See ACI 318-89, Sect. 12.2.
At any level, not more than alternate bars
will be welded or mechanical spliced.
Minimum distance between two adjacent bar
splices = 24”.

Figure 8-4. Type A frame-splices in reinforcement.
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Figure 8-5. Type A frame-transverse reinforcemnt.
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Figure 8-6. Type A frame-girder web reinforcement.
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Figure 8-7.  Type A frame-column transverse reinforcement.
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Figure 8-8. Type A frame-special transverse reinforcement.
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Only 1/2 the special transverse reinforcement
is required for confined joints where girders
frame into all four sides. (ACI 2 7 . 6 . 2 . 2 )
NOTE: The intersection of the orthogonal beam steel and the

column steel, along with the required joint confinement
hoop steel frequently results in congestion of bars.
A careful study of the bar layouts should be made during
design and represented on the construction documents.

Figure 8-9. Type A frame-girder-column joint analysis. .
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C O L U M N :

f’C = 3,000 p.s.i. at 28 days

f y =  4 0  k s i or 60 ksi

Reinforcement ratio,
>  0 . 0 1  a n d <  0 . 0 6 .

Figure 8-11.  Type B frame-longitudinal reinforcement.
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COLUMN :

1d is the tension development length. See ACI 12.2.

At any level, not more than alternate bars
will be welded or mechanical spliced. Min.
distance between two adjacent bar splices = 24”.

Figure 8-12. Type B frame-splices in reinforcement.
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Figure 8-13. Type B frame-transverse reinforcement.
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Figure 814. Type B frame-girder web reinforcement.
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Figure 8-14. Type B frame-girder web reinforcement.
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BANDED COLUMN STRIP REINFORCEMENT

SLAB MIDDLE STRIP

Figure 6-16. Type B frame-slab/column framing system.
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(3RW/8)E. The punching-shear resistance shall be
evaluated by using an understrength factor of φ =
0.6 applied to the shear resistance equations in
ACI Section 11.11.

b. Development length. The development length
for reinforcement in tension shall conform to ACI
21.6.4.

c. Joint reinforcement. Tie spacing within the
joint shall not exceed the spacing SO given by ACI
21.9.5.1.

d. Details. Details for Type B frames are given
in figures 8-10 through 8-16.

8-6. Type C frames. This type is the SEAOC
OMRF with additional seismic details intended to
ensure structural integrity and collapse resistance
in the event of the rare but credible earthquake in
Zone 1.

a. Seismic frames. In Zone 1 the Type C frame
may be used to resist lateral forces as a moment
frame with RW = 5. The design provisions are
given in paragraph c below.

b. Nonseismic frames. In some cases, as indi-
cated in table 8-1, frames that are intended to
carry gravity loads only and are not part of the
lateral force resisting system may be required to
be Type C frames. The design provisions for these
nonseismic frames are given in paragraph 8-8.

c. Design provisions for Type C seismic frames.
In addition to the general requirements of ACI 318
Chapters 1-12, the Type C frame shall meet the
following additional requirements

(1) Dimensional limits. See figure 8-2.
(2) Slab and column frames. The same re-

quirements as given in paragraph 8-5a.
(3) Stirrups. Web reinforcement is required

throughout the length of flexural members. The
reinforcement will be designed in accordance with
ACI 318, except that the area of reinforcement
will not be less than 0.0015 times the product of
the width of the web and the spacing of the web
reinforcement along the longitudinal axis of the
member. The first stirrup will be located at two
inches from the column face, and the next six
stirrups will be placed at a spacing not greater
than d/4.

(4) Bottom bars. Positive moment reinforce.
ment at the supports of flexural members subject

to reversal of moments will be anchored by bond,
hooks, or mechanical anchors in or through the
supporting member to develop the yield strength
of the bars. The positive moment capacity of
flexural members at columns will be at least 30
percent of the negative capacity.

(5) Splices. Lapped splices in flexural mem-
bers, located in a region of tension or reversing
stress, will be confined by at least two stirrups at
each splice.

(6) Column ties. The spacing of ties at the
ends of tied columns will not exceed 4 inches for a
distance equal to the maximum column dimension
but not less than one-sixth the clear height of the
column from the face of the joint. The first such tie
will be located 2 inches from the face of the joint.

(7) Beam-column joints. Joints of exterior and
corner columns will be confined by lateral rein
forcement through the joint. Such lateral reinforce-
ment will consist of spirals or ties as required at
the ends of columns. Tie spacing within the joint
will not exceed the spacing given by Section
21.8.2.2 of ACI 318-89.

(8) Development length. The development
length for reinforcement in tension shall conform
to Section 21.6.4. of ACI 318-89.

8-7. Type D frames. This type is not designed for
earthquake loads; however, it has some reserve
strength that offers some resistance to seismic
loads. The use of Type D frames is discussed
below.

8-8. Nonseismic frames. A frame that is in-
tended to carry gravity loads only, and is not
considered part of the lateral force resisting sys-
tern, is subject to the requirement of SEAOC
lH2d, as discussed in chapter 4. This requires the
frame to be investigated and shown to be adequate
for carrying vertical load when subjected to a
displacement equal to 3RW/8 times the displace-
ment of the lateral force resisting system of the
building. The frame is considered adequate if,
when the frame is so displaced, the factored
moments, shears, and axial forces in the members
do not exceed the nominal strengths of the mem-
bers. As indicated in table 8-1, nonseismic frames
are required to be Type C in Zones 2, 3, and 4 but
may be Type D in Zone 1.
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CHAPTER 9

STEEL MOMENT RESISTING FRAMES

9-1. Introduction. This chapter prescribes the
criteria for the design of steel moment resisting
frames in seismic areas.

9-2. General.
a. Functions. Steel moment resisting frames

have functions and behavior similar to those of
concrete moment frames. Refer to the general
discussion of moment frames in chapter 8.

b. Frame types. There are two types of steel
moment frame: the special moment resisting
frame (steel SMRF) and the ordinary moment
resisting frame (steel OMRF). Refer to SEAOC 4F6
for the use of trusses in moment resisting frames.

9-3. Steel special moment resisting frames
(steel SMRF).

a. General design criteria. The criteria used to
design steel special moment resisting frames will
be the latest edition of the AISC Specification as
modified by SEAOC 4A through 4D, 4F, and 4J.
SEAOC 4A provides the basic reference to the
eighth edition of the AISC Specification, SEAOC
4B provides the definitions applicable to steel
construction, SEAOC 4C provides the require-
ments for steel materials and defines member
strength used in the provisions that require devel-
opment of member strength; SEAOC 4D provides
for the strength of columns, the details of column
splices, and the evaluation of slenderness effects;
and SEAOC 4F provides the detailed requirements
for steel SMRFs.

b. Limitations by seismic zone. As provided in
SEAOC 4A2, structures in Zone 1 need not con-
form to the requirements of SEAOC Chapter 4.
SEAOC 4F provides that structures in Zone 2 need
conform only to Paragraphs 1, 6, 7, and 9 of the
detailed requirements of SEAOC 4F.

c. Basic requirements. The basic requirements
for steel SMRFS relate to the relationship between
beams and columns and the connections between
beams and columns.

(1) Strength ratio. SEAOC 4F5 provides for a
strength ratio between columns and beams in-
tended to ensure that plastic hinges will form in
the beams rather than the columns. Exceptions to
this requirement are allowed when compactness
limitations are satisfied and load demands are
relatively low. The SEAOC commentary includes a
discussion of the strong column/weak beam con-
cept.

(2) Girder-to-column connection. There are two
fundamental requirements:

(a) SEAOC 4A1 provides a requirement for
the strength of the girder-column connections. In
order to meet this requirement, the girders will be
connected to columns by rigid joints that are
capable
flexural
joint, or
ment of
SEAOC
9-1.

of developing the lesser value of the
strength of the girder framing into the
the moment corresponding to the develop-
panel zone shear strength as defined in
4F2. For typical details refer to figure

(b) SEAOC paragraph 4F2 deals with the
shear strength required in the joints of frames. In
order to meet these requirements, the thickness of
the column web in the panel zone may have to be
increased, either by choosing a column with a
thicker web or by adding doubler plates. The panel
zone and doubler plate dimensional requirements
are summarized in figure 9–2.

d. Details. Several paragraphs in SEAOC 4F
relate to details of the frames.

(1) Flange width-thickness ratio. SEAOC 4F3
refers to AISC 1.5.1.4.1 regarding allowable
stresses in bending and modifies the limiting
girder flange width-thickness ratio to

(2) Continuity plates. SEAOC 4F4 refers to
AISC formula 1.15-3 when determining the need
for tension flange continuity plates
requirement for the quantity Pbf.

(3) Changes in beam flange area.
prohibits abrupt changes in girder
within possible plastic hinge regions.

e. Stability of frames. SEAOC 4F7

and adds a

SEAOC 4F9
flange area

provides re-
quirements for the stability of girder-column
joints, with provisions for restrained (laterally
supported) joints and unrestrained (laterally un-
supported) joints; SEAOC 4F8 provides require-
ments for bracing of girders between joints.

f. Drift of frames. SEAOC 4F10 provides re-
quirements for the calculation of frame drift.

g. Trusses in frames. The special moment frame
provisions, originally developed for frames consist-
ing of wide-flange beams, have been extended to
include frames whose beams are trusses. The
requirements for these frames are given in
SEAOC 4F6.

h. Inspection. As with other structural systems,
the system RW-values for steel SMRFS are assigned
with associated requirements that the detail re-
quirements be met and that appropriate inspection
be provided. Refer to SEAOC 4J for the require-
ment for nondestructive testing of joints in steel
SMRFS.
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9-4. Steel ordinary moment resisting frames
(steel OMRF).

a. General design criteria. The criteria used in
the design of steel moment resisting frames will be
the latest edition of the AISC Specifications, modi-
fied by SEAOC 4E.

b. Limitations as seismic moment resisting
frames.

(1) Frames without special seismic details or
loading. In Zone 1, ordinary moment frames may
be designed with RW = 6.

(2) Frames without special seismic details but
with special loading. OMRFS without special de-
tails may be used if they are capable of resisting

the combination of gravity loads and 3(RW/8) times
the design seismic force. In Zone 1, an RW value of
12 may be used; in Zones 2, 3, and 4, RW = 6. In
Zones 3 and 4, there is a height limit of 160 feet.

(3) Frames with girder-to-column connections
that meet the requirements of SEAOC 4F1. RW =
6, and in Zones 3 and 4 there is a height limit of
160 feet.

c. Girder-to-column connections. Each beam or
girder moment connection to a column will meet
the requirements of SEAOC 4F1 for SMRFS unless
it can be shown that it is capable of resisting the
combination of gravity loads and 3RW/8 times the
design seismic forces.
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Figure 9-2. Panel zone details.
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CHAPTER 10

FOUNDATIONS

10-1. Introduction. This chapter discusses the
design of foundations to resist earthquake lateral
forces. Reference is made to SEAOC 1J.

10-2. General.
a. Base. The base of the building is the level at

which the earthquake motions are considered to be
imparted to the structure. From the point of view
of design, the base is the level at which the base
shear is resisted. In a building without a base-
ment, this is simply at grade, where footings
develop lateral resistance. In a building with a
basement, the base is at grade if grade-level
framing or the upper portion of the basement wall
is capable of developing the required lateral resis-
tance, or at the basement level if the lateral
resistance cannot be developed at grade level. On
sloping sites, the level at grade may be unre-
strained at the downhill side but restrained, like a
basement, at the uphill side. The base of a build-
ing is determined by judgment, considering the
mechanism for developing lateral resistance. The
base should be taken at the highest level where
the building can transmit lateral forces into the
ground on all sides. Partial basements and sites
with varying subsurface conditions are also poten-
tially troublesome. The engineer should consider
how the forces enter the substructure and how
they are transmitted into the ground. Simple
three-dimensional free-body diagrams of whole
substructures may be of great help in defining the
design conditions.

b. Column bases. If a column is assumed to be
freed in the analysis of the superstructure, the
foundation system must have the strength and
stiffness required by this assumption.

c. Development of forces into the foundations.
Foundations must be detailed to develop the hori-
zontal and vertical components of seismic forces
imparted by columns, shear walls, and braces. In
instances where footings are subjected to lateral
thrusts due to applied vertical loads, such horizon-
tal thrust will be added to the lateral seismic force
indicated above. An example of this case could be
the outward thrusts on footings of a rigid gable
bent due to applied vertical loads.

d. Interconnection of foundation elements. Un-
less the soil is quite stiff, foundation elements
should be interconnected to allow a redistribution
of lateral forces. Individual pile, caisson, and deep
pier footings of every building or structure in
Zones 2, 3, and 4 will be interconnected by

foundation ties or a structural slab. For Zone 1,
provide ties only when surrounding soil has low
passive resistance values. Isolated spread footings
on soil with a low passive resistance will also be
tied together in a way to prevent relative move-
ment of the various parts of the foundation with
respect to each other. The ties can be formed by an
interconnecting grid network of reinforced concrete
struts or structural steel shapes encased in con-
crete. As an alternative, a reinforced concrete floor
slab, doweled to walls and footings to provide
restraint in all horizontal directions, may be used
in lieu of the grid network of ties. Slabs on grade
will not be used as ties when significant differen-
tial settlement is expected between footings and
slab. In such cases, slabs on grade will be cut loose
from footings and made free-floating (note that the
effective unsupported height of the wall is in-
creased for this condition). Strut ties placed below
such slabs will be cushioned or separated from the
slab such that slab settlement will not damage the
slab or strut ties. Alternatively, it may be more
economical to overexcavate the soil under the
footings and recompact to control differential set-
tlements under vertical loads and to increase
passive resistance of the sides of the footings
under lateral loads so as to eliminate the need for
footing ties. Slabs on ground when used as a
foundation tie will have minimum reinforcing
according to ACI 7.12. As a minimum, a mat of #4
at 16 inches each way is recommended.

e. Overturning. The overturning moment at the
base of the building is resisted by the soil through
the foundation. The total load on the soil is not
changed, but there is a change in the distribution
of the soil pressure. For isolated spread footings,
the design requirement is simply to provide for
vertical components of the overturning moment in
combination with the vertical forces due to dead
and live loads. For wall footings, there may be
enlarged footings under the boundary members,
and these will have increased loads as indicated
above for isolated footings, but there will also be
loads on grade beams or other connecting ele-
ments.

f. Differential sett!ement. Earthquake vibrations
may cause consolidation or liquefaction of loose
soils, and the resultant settlement of building
foundations usually will not be uniform. For rigid
structures supported on individual spread footings
bearing on such material, excessive differential
settlements can damage the superstructure. Stabi-
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lization of the soil prior to construction or the use
of piles, caissons, or deep piers bearing on a firm
stratum may be the solution to this problem.

10-3. Design of elements.
a. General. The mechanism used for the trans-

mission of horizontal forces may be friction be-
tween floor slab and ground; friction between
bottom of footing and ground; and/or passive resis-
tance of earth against vertical surfaces of footings,
grade beams, or basement walls. The overturning
effects, which require a careful analysis of permis-
sible overloads for the combined effect of vertical
and lateral loads, must be considered in the
foundation design. Net upward forces must be
resisted by anchorage into the foundation. Stabil-
ity against overturning must be provided for the
short-time loading during an earthquake (or wind)
without creating disparities in the foundation con-
figuration that would result in significantly differ-
ent foundation settlements due to gravity loads.
These differential settlements could create more
damage to the structure than the short-time defor-
mations that might occur under the highly in-
creased soil pressures due to earthquake effects.

b. Slabs on ground. Slabs on ground are often
thought of as nonstructural but will in fact be
nonstructural only if detailed to be unconstrained
by adjacent elements. In seismic design the slab on
ground should be utilized as a connecting, tying,
stiffening element by suitable details of joints and
reinforcing in the slab and at the edges of the slab.

c. Grade beams. Grade beams may be used to
stiffen spread footings where columns are intended
to have fixed bases; grade beams may also develop
lateral resistance in passive pressure on their
sides, especially if stiffened by an integral slab on
ground. Passive resistance values vary greatly
with type of soil and depth. Adequacy of passive
resistance should be determined by the geotech-
nical engineer. Passive resistance or lateral bear-
ing values are permitted only where concrete is
deposited directly against natural ground or the
backfill is well compacted. Passive resistance
should not be used where the lateral bearing
surface is close to an excavation unless such
excavation is carefully backfilled with well-
compacted material. The shear capacity of the soil
between such bearing surface and open or poorly
compacted excavation or a similar depression may
be inadequate to provide the needed resistance.

d. Basement walls. Basement walls can develop
passive pressure for normal forces. The comments
on passive pressure for grade beams apply.

e. Spread footings. Spread footings resist verti-
cal loads through bearing pressure on the bottom

and resist horizontal loads through friction on the
bottom and passive pressure on the sides.

f. Wall footings. Wall footings resist lateral
loads through friction on the bottom,

g. Piles. Piles driven into soft surficial soils
must transfer the base shear into stiffer soils at
lower levels. This involves bending of the piles.
Criteria for design should be obtained from the
geotechnical engineer. Where subsurface condi-
tions vary over the site, the effective lengths of
piles in bending may vary. The resulting variation
in relative rigidity causes some piles to carry more
lateral load than others and must be considered in
the foundation design.

h. Batter piles. The use of batter piles should be
avoided. Their greater lateral stiffness relative to
the vertical piles attracts most of the lateral forces
to themselves, resulting in an unbalanced lateral
load resisting system. Because the inclination of
the batter piles is usually small, very large verti-
cal components of force are developed between the
vertical and adjacent batter piles. The pile cap
must be detailed to accommodate these forces, and
the caps may need to be stiffened by horizontal
grade beams to prevent rotation under these
forces.

i. Foundation ties. Ties will be designed to carry
an axial tension and compression horizontal force
equal to 10 percent of the larger column load. The
minimum tie will be 12 inches by 12 inches with
four #5 longitudinal bars and #3 ties at 12 inches
oc.

j. Retaining walls. Refer to chapter 13.
k. Mixed systems. When subsurface conditions

vary significantly across a site, it is sometimes
effective to use mixed systems, e.g., combinations
of drilled piers and spread footings. Geotechnical
consultation is especially important for mixed sys-
tems in order to control differential settlements.
The difference in lateral stiffnesses between the
spread footings and drilled piers must be consid-
ered in the foundation earthquake design.

10-4. Foundation capacities.
a. Stress basis. Foundations are generally of

concrete designed on an ultimate strength basis,
but the resisting capacities of the soils are gener-
ally prescribed on a working-stress or service load
basis. This condition calls for care in developing
foundation design forces from the reactions given
by frame analyses and care in interpreting the
allowable soil stresses given by the geotechnical
engineer. In no case will the footing size be less
than that required for static loads alone.

b. Allowable stresses. The structural engineer
and the geotechnical engineer should resolve po-
tential conflicts between short-term and long-term
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effects. A pitfall in the design of footings that
carry vertical components of seismic forces is to
proportion the footing for large short-term loads to
meet allowable stresses that are intended to con-
trol long-term settlements. The results may be
excessive seismic design and unnecessary differen-
tial settlements.

c. Combinations of modes of resistance. Build-
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ings generally have not had problems of sliding in
past earthquakes. The mechanism of resistance is
probably quite complex, including a number of
modes of resisting working more or less simulta-
neously. In some cases it may be possible to
combine friction, passive pressure, and other ef-
fects; however, this should be done only under the
guidance of the geotechnical engineer.
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CHAPTER 11

ARCHITECTURAL ELEMENTS

11-1. Introduction. This chapter defines architec-
tural elements, discusses their participation and
importance in relation to the seismic design of the
structural system, and prescribes the criteria for
their design to resist damage from seismic lateral
forces. The fundamental principle and underlying
criterion of this chapter are that the design of
architectural elements will be such that they will
not collapse and cause personal injury due to the
accelerations and displacements induced by severe
seismic disturbances, and that the architectural
elements will withstand more frequent but less
severe seismic disturbance without excessive dam-
age and economic loss.

11-2. Definition. Architectural elements are ele-
ments such as partitions, stairways, windows, sus-
pended ceilings, parapets, building ornamentations
and appendages, and storage racks. They are
called architectural because they are not part of
the vertical or lateral load carrying systems or the
mechanical or electrical systems. Although they
are usually shown on the architectural drawings,
they often have a structural aspect. The architect
will consult with the structural, mechanical, and
electrical engineers when dealing with these ele-
ments. Examples of architectural elements that
have a structural aspect follow.

a. Nonstructural walls. A wall is considered
“architectural” or “nonstructural” when it does
not participate in the resistance to lateral forces.
This is the case if the wall is isolated, i.e., not
connected to the structure at the top and the ends,
or if it is very flexible relative to the structural
wall frames. Note that an isolated wall must be
capable of acting as a cantilever from the floor or
be braced laterally.

b. Curtain walls and filler walls. A curtain wall
is an exterior wall, usually of masonry, that lies
outside of, and usually conceals, the structural
frame. A filler wall is an infill, usually of ma-
sonry, within the members of a frame. These are
often considered architectural if they are designed
and detailed by the architect, but they can act as
structural shear walls. If they are connected to the
frame, they will be subjected to the deflections of
the frame and will participate with the frame in
resisting lateral forces.

c. Partial infill walls. A partial infill wall is one
that has a strip of windows between the top of the
solid infill and the bottom of the floor above or has
a vertical strip of window between the one or both

ends of the infill and a column. Such walls require
special treatment: if they are not properly isolated
from the structural system they will act as shear
walls. The wall with windows along the top is of
particular concern because of its potential effect on
the adjacent columns. The columns are fully
braced where there is an adjacent infill but is
unbraced in the zone between the windows. The
upper, unbraced part of the column is a “short
column,” and its greater rigidity (compared with
other unbraced columns in the system) must be
accounted for in the design.

d. Precast panels. Exterior walls that have pre-
cast panels attached to the frame are a special
case. The general design of the walls is usually
shown on the architectural drawings, while the
structural details of the panels are usually shown
on the structural drawings. Often the structural
design is assigned to the General Contractor so as
to allow maximum use of the special expertise of
the selected panel subcontractor. In such cases, the
structural drawings will include design criteria
and representative details in order to show what is
expected. The design criteria will include the
required design forces and the frame deflections
that must be accommodated by the panels and
their connections.

11-3. Design criteria. An architectural element
must safely resist horizontal forces equal to the
quantity ZIPC P times its own weight, WP, and
must be capable of conforming (accommodating) to
the lateral deflections that it will be subjected to
during the lateral deformation of the building.

a. Lateral forces. The equivalent static lateral
force that is applied to architectural elements is
given by SEAOC equation 1–10, with CP values
given in SEAOC Table l-H. In general, the value
of CP is 0.75; however, for ornamentation, para-
pets, and other appendages, where the potential
for collapse and injury is greater, CP is 2.0. For
exterior wall panels, CP is 0.75; however, the
special provisions of SEAOC lH2d(2) apply.

b. Deflections. For the design of the structure,
lateral deflections or drift of a story relative to its
adjacent story is not to exceed 0.04/RW nor 0.005
times the story height for buildings having a
period of less than 0.7 second, and 0.03/RW nor
0.004 times the story height for buildings having a
period of 0.7 second or greater unless it can be
demonstrated that greater drift can be tolerated
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Lateral Supports - Nonstructural Partition
Figure 11–1. Typical details of isolation of walls.

(SEAOC 1E8). The deformation is calculated from
the application of the required lateral forces as
discussed in chapter 4.

(1) Architectural elements will be designed
and detailed to conform to the structural deforma-
tions without damage.

(2) Exterior elements are required to allow for
relative movement equal to 3RW/8 times the calcu-
lated elastic story displacement caused by required
seismic forces or ½ inch per story, whichever is
greater (SEAOC lH2d(2)).

(3) The effects of adjoining rigid elements on
the structural system will also be investigated
(SEAOC lH2d(l)).

11-4. Detailed requirements.
a. Partitions. Partitions are classified into two

general categories rigid and nonrigid. Reference
is also made to chapter 6, paragraph 6-6.

(1) Rigid partitions. This category generally
refers to nonstructural masonry walls. Walls will
be isolated where they are unable to resist in-
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plane lateral forces to which they are subjected,
based on relative rigidities. Typical details for
isolation of these walls are shown in figure 11–1.
These walls will be designed for the prescribed
forces normal to their plane.

(2) Nonrigid partitions. This category gener-
ally refers to nonstructural partitions such as stud
and drywall, stud and plaster, and movable parti-
tions. When constructed according to standard
recommended practice, it is assumed that the
partitions can withstand the design in-plane drift
of 0.005 times the story height (i.e., 1/16 inch per
foot of height) without damage. Therefore, if the
structure is designed to control drift within the
prescribed limits, these partitions do not require
special isolation details. They will be designed for
the prescribed seismic force acting normal to flat
surfaces. However, wind or the usual 5 pounds per
square foot partition load will usually govern. If
the structural design drift is not controlled within
the prescribed limits, isolation of partitions will be
required for reduction of nonstructural damage.
Economic justification between potential damage
and costs of isolation will be considered. A decision
has to be made for each project as to the role, if
any, such partitions will contribute to damping
and response of the structure, and the effect of
seismic forces parallel to the partition resulting
from the structural system as a whole. Usually, it
may be assumed that this type of partition is
subject to future alterations in layout location. The
structural role of partitions may be controlled by
height of partitions and methods of support.

b. Veneered walls. There are two methods for
attaching veneer to a backup structural wall (see
fig 11-2).

(1) Anchored veneer is a masonry facing se-
cured by joint reinforcement or equivalent me-
chanical tie attached to the backup. All required
load-carrying capacity (both vertical and lateral)
will be provided by the structural backup wall.
The veneer will be nonbearing and isolated on
three edges to preclude it from resisting any load
other than its own weight, and in no case shall it
be considered part of the wall in computing the
required thickness of a masonry wall. The veneer
will be not less than 1½ inches nor more than 5
inches thick. The veneer will be tied to the
structural wall with joint reinforcement or 3/16-
inch round corrosion resisting metal ties capable of
resisting in tension or compression the wind load
or two times the weight of veneer, whichever
governs. Maximum spacing of ties is 16 inches,
and a tie must be provided for each 2 square feet
of wall area. Adjustable ties are not permitted in
Seismic Zones 3 and 4. They maybe used in Zones
1 and 2 if the basic wind speed is less than 100
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mph. If adjustable ties are used, they will be the
double pintle-eye type, with the minimum wire
size being 3/16 inch; play within the pintle will be
limited to 1/16 inch, and the maximum vertical
eccentricity will not exceed 1/2 inch. The maximum
space between the veneer and the backing will not
exceed 3 inches unless spot mortar bedding is
provided to stiffen the ties. A noncombustible,
noncorrosive horizontal structural framing will be
provided for vertical support of the veneer. The
maximum vertical distance between horizontal
supports will not exceed 25 feet above the adjacent
ground and 12 feet maximum spacing above the
25-foot height.

(2) Adhered veneer is masonry veneer at-
tached to the backing with minimum 3/8 inch to
maximum ¾ inch mortar or with approved thin
set latex Portland cement mortar. The bond of the
mortar to the supporting element will be capable
of withstanding a shear stress of 50 psi. Maximum
thickness of the veneer will be limited to 1 inch.
Since adhered veneer is supported through adhe-
sion to the mortar applied over a backup, consider-
ation will be given for differential movement of
supports, including that caused by temperature,
shrinkage, creep, and deflection. A horizontal ex-
pansion joint in the veneer is recommended at
each floor level to prevent spalling. Vertical con-
trol joints should be provided in the veneer at each
control joint in the backup.

c. Connections of exterior wall panels. Precast,
nonbearing, nonshear wall panels or other ele-
ments that are attached to or enclose the exterior
will be designed and detailed to accommodate
movements of the structure resulting from lateral
forces or temperature changes. The concrete panels
or other elements will be supported by means of
cast-in-place concrete or by mechanical devices.
Connections and panel joints will be designed to
allow for the relative movement between stories
and will be designed for the forces specified in
SEAOC lH2d(2). Connections will have sufficient
ductility and rotation capacity so as to preclude
fracture of the concrete or brittle failures at or
near welds. Inserts in concrete shall be attached to
or hooked around reinforcing steel or otherwise
terminated so as to effectively transfer forces to
the reinforcing steel. Connections to permit move-
ment in the plane of the panel for story drift may
be properly designed sliding connections using
slotted or oversize holes, or may be connections
that permit movement by bending of steel compo-
nents without failure. Typical design forces are
shown in figure 11–3.

d. Suspended ceiling systems. Seismic design is
required in Zones 2, 3, and 4. Earthquake damage
to suspended ceiling systems can be limited by
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Figure 11-2. Veneered walls.

proper support and detailing. Suspended ceiling weight of not less than 4 pounds per square foot
framing systems will be designed for forces pre- will be used. The support of the ceiling systems
scribed in SEAOC Table l–H. The ceiling weight, will be by positive means such as wire or an
WP, will include all light fixtures and other equip- approved seismic clip system. Typical details of
ment laterally supported by the ceiling. For pur- suspended acoustical tile ceilings are shown in
poses of determining the lateral force, a ceiling figure 11-4.

11-4



TM 5-809-10/NAVFAC P-355/AFM 88-3, Chap 13

Figure 11-3. Design forces for exterior precast elements.

e. Parapets, ornamentation, and appendages. glass may be present. It is particularly serious if
These elements will be designed for forces result- the glass is above and adjacent to a public way.
ing from CP equal to 2.0 as prescribed in SEAOC This hazard can be eliminated by proper isolation
lG and Table l–H. For the design of parapets, between glass and its enclosing frame. It is obvi-
refer to chapter 6, paragraph 6-6c. ous that the magnitude of isolation required de-

f. Window frames. Window frames will be de- pends upon the drift and the size of the individual
signed to accommodate deflections of the structure pane or enclosing frame. Thus a pane of glass in a
without imposing a load on the glass. As glass is a full-story-height frame should have an isolation or
brittle material, a considerable hazard of falling movement capability as great as the maximum
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Splices and intersections of
runners shall be attached with
mechanical interlocking connec-
tors such as pop rivets, screws,
pins, plates with bent tabs, or
other approved connectors. De-
sign connectors for 2 x design
load or ultimate axial tension
or COMpression (minimum 120
pounds) .

SUSPENDED CEILING DETAIL AT WALL

Note: THE DETAILS IN THIS FIGURE APPLY

ONLY IN SEISMIC ZONES 2,3, AND 4.

Figure 11-4. Suspended acoustical tile ceiling.
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possible drift (e.g., 3RW/8 times the calculated
elastic story displacement prescribed in SEAOC
lH2d). The actual isolation clearance will depend
on the geometry and deformation characteristics of
enclosing frame, frame support, and structural
system. Special care will be exercised in the field
to see that such isolation is actually obtained.

g. Stairways. Stairways tend to act like struts;
therefore, the rigidity of the stairway, relative to
the structure, will be considered. In some cases the
stairway will be isolated in order to prevent
damage to itself by the building frame, or to
prevent the stair from imposing an unwanted
constraint on the frame.

h. Storage racks.
(1) Storage racks supported at grade will be

treated as equipment on the ground according to
chapter 12, paragraph 12–5, with WP equal to the
weight of the rack plus its contents.

(a) Rigid racks. Racks having a period of
vibration less than 0.06 second will be governed by

equation 12–3, with CP = 0.75, as given in SEAOC
Table l-H; thus, Fp = 0.5 ZIPCPW P.

(b) Flexible racks. Racks having a period of
vibration greater than 0.06 second will be treated
as nonbuilding structures as prescribed in Chapter
13. The minimum lateral force is obtained from
SEAOC equation l–l, with Rw = 5, as given in
SEAOC Table l-I; thus, V = 0.20 ZICW. The
value of C used for design will not be less than
2.5.

(2) Storage racks supported above grade will
be designed to chapter 12, paragraph 12-3 if rigid
or paragraph 12-4 if nonrigid.

11-5. Alternative designs. Where an accepted
national standard or approved test data provide
the basis for earthquake resistance of a particular
type of architectural element or rack, such stand-
ard or data may be accepted as a basis for design
under certain limitations. (See SEAOC 1G5.)
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CHAPTER 12

MECHANICAL AND ELECTRICAL EQUIPMENT

12-1. Introduction. This chapter prescribes the
criteria for structural design of anchorages and
supports for mechanical and electrical equipment
in seismic areas.

a. Design goals. The goal of design is that the
anchorages and supports will withstand the accel-
erations induced by severe seismic disturbances
without collapse or excessive deflection and with-
stand the accelerations induced by less severe
seismic disturbances without exceeding yield
stresses. The design forces are related to the
inertia forces on the equipment and are calculated
on the weight of the equipment; accordingly,
design provisions often speak of equipment. How-
ever, the design is for the supports of the equip
ment, not the equipment itself. Ordinary equip-
ment, which is fabricated at some distance from
the site and is transported by truck and/or rail-
road, is assumed to have adequate strength. Criti-
cal equipment, which may have to be substanti-
ated by design or test, is beyond the scope of this
manual.

b. Seismic forces. The design force coefficients
applied to equipment supports are generally
higher than the force coefficients used in the
design of buildings. One reason is the amplifica-
tion of the ground motion acceleration transmitted
to elements in the elevated stories of a building
due to dynamic response. Another reason is that
equipment supports often lack the extra margin of
safety provided by reserve strength mechanisms,
such as participation of architectural elements,
inelastic behavior of structural elements, and re-
dundancy in the structural system, that are char-
acteristic of buildings.

12-2. General. All equipment anchorages and
supports designed under the provisions of this
chapter will conform to the following require-
ments:

a. Rigid and/or rigidly supported equipment.
Rigid equipment that is rigidly attached to the
structure will be designed for seismic forces pre-
scribed by SEAOC lG. Limitations, exceptions,
and commentary are stated in paragraph 12-3.

b. Nonrigid or flexibly supported equipment.
Nonrigid or flexibly supported equipment will be
designed with consideration given both to the
dynamic properties of the equipment and to the
building or structure in which it is placed. For
equipment supported by a structure and located

above grade on a structure, SEAOC 1G2c will be
modified by the procedure outlined in paragraph
12-4.

c. Equipment on the ground. Equipment sup-
ported on the ground will be designed in accord-
ance with SEAOC lG as supplemented by para-
graph 12-5.

d. Weight limitations. Equipment in buildings
will be considered to be within the scope of this
chapter if the maximum weight of the individual
item of equipment does not exceed 10 percent of
the total building weight or 20 percent of the total
weight of the floor at the equipment level. The
response of equipment is dependent upon the
response of the building in which it is housed. If
the weight of the equipment is appreciable, rela-
tive to the weight of the building, the interaction
of the equipment with the building (i.e., the
coupling effect) will change the building response
characteristics. It is assumed that equipment
within the above weight limitations has a negligi-
ble effect on the response of the building. Equip-
ment that is not within the above limitations is
outside the scope of this manual and must be
designed using a more rigorous method of analy-
sis.

e. Rigorous analysis. No portion of this chapter
will be construed to prohibit a rigorous analysis of
equipment and the supporting mechanism by es-
tablished principles of structural dynamics. Such
an analysis will demonstrate that the fundamental
principle and underlying criterion of paragraph
12-1 are satisfied. In no case will the design result
in capacities less than 80 percent of those required
by SEAOC lG.

f. Securing equipment. Friction resulting from
gravity loads as a method of resisting seismic
forces is not acceptable and will not be allowed.
Both vertical and horizontal accelerations are pos-
sible during an earthquake. Under vertical accel-
eration, the gravity force required to maintain
friction can be greatly diminished. This could
result in a reduction of the friction force available
to resist horizontal seismic loads, as simultaneous
vertical and horizontal accelerations are possible.
Thus, equipment will be secured by bolts, embed-
ment, or other acceptable positive means of resist-
ing horizontal forces. Refer to paragraph 12-11 for
typical details.

g. Special requirements. Requirements for light-
ing fixtures and supports, piping, stacks, bridge
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cranes and monorails, and elevator systems are
covered in paragraphs 12–6 through 12-10, respec-
tively.

12-3. Rigid and/or rigidly supported equipment
in buildings. This paragraph applies to equipment
above grade. See paragraph 12-5 for equipment
supported at or below grade. Rigid and/or rigidly
supported equipment will be considered to be those
equipment units and equipment supporting sys-
tems for which the period of vibration as defined
in paragraph 12-4b is estimated to be less than
0.06 second (i.e., frequency of vibration greater
than 17 Hz). Compact equipment directly attached
to a concrete floor will be considered rigidly
supported. This type of equipment-supporting sys-
tem is very stiff, and the period of vibration is
very short (i.e., there is a high frequency of
vibration). Equipment not satisfying the rigidity
requirement will be designed according to the
criteria of paragraph 12-4.

a Examples of rigidly mounted equipment.
(1) A boiler bolted or otherwise securely at-

tached to a concrete pad or directly attached to the
floor of the structure.

(2) An electrical panel board securely attached
to solid walls or to the studs of stud walls.

(3) An electric motor bolted to a concrete floor.
(4) A floodlight having a short stem bolted to

a wall.
(5) A rigidly anchored heat exchanger.

b. Equivalent static force. The equivalent static
lateral force is given by SEAOC equation 1-10.
CP, as prescribed in SEAOC Table l-H, is equal to
0.75 for all equipment and machinery that is rigid
and rigidly supported by the building (see para
12–5 for equipment on the ground). For cantilev-
ered portions of chimneys and smokestacks, CP is
2.0; however, these items must also be investi-
gated for the criterion stated in paragraph 12–8.

12-4. Nonrigid or flexibly supported equipment
in buildings. This paragraph applies to equipment
above grade. See paragraph 12-5 for equipment
supported at or below grade. Equipment that does
not satisfy the rigidity requirements of paragraph
12-3 will be considered to be nonrigid or flexibly
supported. For nonrigid and flexibly supported
equipment, the appropriate seismic design forces
will be determined with consideration given to
both the dynamic properties of the equipment and
to the building or structure in which it is placed
(SEAOC 1G2c). An approximate procedure, which
considers these dynamic properties within certain
limits, is presented below. This approximate proce-
dure is deemed to meet the SEAOC requirements.
Nonrigid or flexibly supported equipment that

12-2

does not qualify within the limits of this chapter is
outside the scope of this manual and will be
designed using a more rigorous method of analy-
sis.

a. Single-mass system. The approximate proce-
dure is based on the equipment responding as a
single-degree-of-freedom system to the motion of
one of the predominant modes of vibration of the
building at the floor level in which the equipment
is placed. Therefore, if the equipment and its
supporting system cannot be approximated by a
single-degree-of-freedom system (i.e., a simple oscil-
lator represented by a single mass and a simple
spring), a more rigorous analysis is required. Some
examples of systems that do qualify under this
procedure follow:

(1) Rigid equipment attached to the floor slab
with a spring isolation system.

(2) Rigid equipment rigidly attached to a flex-
ible supporting system that is rigidly attached to
the floor slab.

(3) Rigid equipment attached by a cantilever
support from the structure.

(4) Nonrigid equipment that can be repre-
sented as a single-mass system and that is rigidly
attached to the structure.
EXCEPTIONS: Equipment that can be considered
to have uniformly distributed mass will be de-
signed for seismic forces in a manner similar to
stacks (para 12-8).

b. Equipment period estimation. For equipment
responding as a single-degree-of-freedom system,
the period of vibration, Ta, is equal to 2π times the
square root of the quantity mass/stiffness. In terms
of inch and pound unitsi this equation becomes

(eq 12-1)

where
Ta= fundamental period (see)
k = stiffness of supporting mechanism in terms

of load per unit deflection of the center of
gravity (lb/in.)

W= weight of equipment and/or equipment sup-
ports (lb), which is equal to the mass times
the acceleration of gravity

g = acceleration of gravity at 386 in./sec2

In lieu of calculating the period of vibration using
equation 12–1, a properly substantiated experi-
mental determination will be allowed.

c. Building period estimation. If a building has
more than one story it is considered to be a
multi-degree-of-freedom system with more than
one mode of vibration. Flexible equipment located
in the building can be excited to respond to any of
the predominant modes of the building vibration.
Therefore, when investigating the response of
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equipment to the floor motion response, all pre-
dominant modes of vibration must be considered.
The building parameters will be based on realistic
estimations that are not restricted to limitations
used in building design criteria.

(1) Fundamental mode of vibration. The funda-
mental period of the building vibration T1 corre-
sponds to the period T used in the design of the
building. A realistic estimation of T1 will be
obtained from SEAOC Method B as illustrated by
SEAOC equation 1-5.

(2) Higher modes of vibration. In addition to
the fundamental mode of vibration, the predomi-
nant higher modes of vibration must be consid-
ered.

(a) For regular structures (SEAOC 1E4)
with fundamental periods less than 2 seconds,
include the second and third modes of vibration
(translational modes in the direction under consid-
eration). In lieu of a detailed analysis, the second-
mode period of vibration may be assumed to equal
0.30 times the fundamental period of vibration
(i.e., T2 = 0.30 T1 and the third-mode period of
vibration may be assumed to equal 0.18 times the
fundamental period of vibration (i.e., T3 = 0.18
T l).

(b) For buildings with fundamental periods
greater than 2 seconds, the fourth mode and
possibly the fifth mode should also be included.

(c) For irregular buildings, the dynamic
characteristics of the structure must be investi-
gated to determine other (nontranslational or tor-
sional) predominant modes.

(d) In some cases, the vertical modes of
vibration should be considered. This applies to
floor systems that are flexible in the vertical
direction and equipment sensitive to vertical accel-
erations.

d. Appendage magnification factor. The append-
age magnification factor (MF) is the ratio of the
peak motion of the appendage (in this case, equip-
ment) to the peak motion of the floor level that it
is mounted on. A theoretical value of the MF is
generally based on steady-state motion due to the
floor responding as a uniform sine wave. However,
buildings that are responding to earthquakes move
in a somewhat random fashion and thereby do not
generate magnification factors as large as calcu-
lated by theoretical steady-state response. Follow-
ing are discussions of the steady-state response
and of an approximate method for estimating
appendage magnification factors.

(1) The magnification factor for an idealized
single mass oscillator, with a period Ta and damp-
ing characteristics at 2 percent of critical damping,
responding to a steady-state sinusoidal accelera-
tion having a period T, is plotted in figure 12-1. If

T a is essentially equal to T, MF equals 25. In
other words, at a condition of resonance, the
maximum acceleration of the oscillator mass will
be 25 times the peak acceleration of the forcing
motion. This idealized condition depends on the
fine-tuning of the two periods, the linearity of the
oscillator spring, the uniformity of the input sinu-
soidal motion, and the length of time of the input
motion (at least 25 cycles).

(2) If the oscillator represents the equipment,
the floor response represents the steady-state input
motion, and the product ZCP (0.4 x 0.75) equal to
0.30 is assumed to be the floor acceleration, the
peak acceleration for the equipment is 25 times
0.30g = 7.5g. In other words, the horizontal force
on the equipment is seven and one-half times its
own weight. However, because of the actual non-
linear characteristics of equipment and buildings
and particularly the finite duration of earthquake
motion, it is highly unlikely that such a magnifi-
cation could actually occur to a 2-percent-damped
equipment appendage.

(3) In order to approximate a realistic value
for a design MF, it is assumed that the periods Ta

and T will differ by at least 5 percent; that
buildings are not perfectly linearly elastic, espe-
cially at high amplitudes of response; that the
floor response is not an exact, uniform sine wave;
and that the number of high-amplitude floor re-
sponse cycles is substantially less than 25.

(4) The design MF curve shown in figure 12-2
is presented as an aid to estimating the design
response of single-degree-of-freedom appendages, in
lieu of more rigorous analysis methods. The peak
MF of 25 is reduced to 7.5 by reducing the
effectiveness of the period tuning, the peak floor
response amplitude, and the number of continuous
cycles to roughly two-thirds of the idealized values
(i.e., 25 x 2/3 x 2/3 x 2/3 = 7.5). The width of the
magnification factor is broadened to account for
uncertainty of actual period ratios.

e. Equivalent static force. The equivalent static
force for the anchorage of flexible and flexibly
mounted equipment is given by the equation

F P = ZIPA PC PW P (eq 12-2)
which is a modification of the SEAOC rigid equip
ment equation 1-10, where AP is the amplification
factor for a value of CP = 0.75. The value of AP is
related to the MF values of figure 12-2; however,
the maximum value of 7.5 is reduced to a value of
5.0 to account for multimode effects that are
assumed to be included in the CP values of SEAOC
Table 1-H (i.e., the CP value for rigid equipment
considers the peak floor acceleration for a combi-
nation of modes; however, only one of these modes
will excite the single resonance frequency of the
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Figure 12-1. Idealized acceleration magnification factor vs period ratio at 2 percent of critical damping.

flexibly mounted equipment). The value of AP will f. Use of the equivalent-static-force
be determined by one of the alternatives listed The force FP of equation 12-2 will be
below

(1) If the periods of the building and equip-
ment are not known, AP = 5.0.

(2) If the fundamental period of the building
is known but the period of the equipment is not
known, AP is determined by table 12-1.

(3) If building and equipment periods are both
known, AP may be approximated by the graphs in
figure 12-3.

procedure.
applied in

the same manner as the force FP for rigid equip-
ment in SEAOC lG. The value of IPAPCP need not
exceed 3.75, and in no case will the product APCP

be less than the appropriate CP in SEAOC Table
1–H (i.e., if CP = 2.0, AP has an equivalent value
of 2.67). As an aid to determining the AP value,
the following examples are given.

(1) A standard anchorage system is to be
designed for some flexible equipment that will be
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Figure 12-2. Design MF vs period ratio.

Building period L e s s Greater

T, sec than 0.5 0.75 1.0 2.0 than
3.0

A P 5.0 4.75 4.0 3.3 2.7

*The values for AP are based on a modal analysis using the period estimates of paragraph 12-4c, the
design magnification factors of paragraph 12-4d, and a fairly standard response spectrum shape,
The values in table 12-1 apply to regular structures or framing systems.

Table 12-1. Amplification factor, AP for nonrigid or flexibly supported equipment.

placed in several buildings. In order to have one (b) In a building with T = 1.4 seconds. Use
universal anchorage system that will apply to all
buildings, use AP equal to 5.0.

(2) An anchorage system is to be designed for
some flexible equipment that will be placed in a
building with a fundamental period of less than
0.5 second. Because the period of the equipment is
not given, use table 12-1. AP = 5.0.

(3) An anchorage system is to be designed for
some flexible equipment that will be placed in a
building with a fundamental period of roughly 1.4
seconds. Because the period of the equipment is
not given, use table 12-1. Interpolate between 1.0
second and 2.0 seconds. AP = 3.7.

(4) An anchorage system is to be designed for
equipment with a period Ta equal to 0.2 second.

(a) In a building with T = 0.5 second.
Because both the building period and equipment
period are known, use graph (a) in figure 12-3.
Ta/T = 0.2/0.5 = 0.4, and AP = 2.7.

graph (b) in figure 12-3. Ta/T = 0.2/1.4 = 0.14
<1.2. Thus, A P is equal to the value in Table
12-1; AP = 3.7.

(5) An anchorage system is to be designed for
equipment with a period Ta equal to 2.0 seconds.

(a) In a building with T = 0.5 second. Use
graph (a) in figure 12-3. Ta/T = 2.0/0.5 = 4.0, AP

= 1.0.
(b) In a building with T = 1.4 seconds. Use

graph (b) in figure 12-3. Ta/T = 2.0/1.4 = 1.4.
Interpolate between the curves for T = 1.0 seconds
and T = 2.0 seconds. AP = 3.0.

g. Lateral bracing. Stiffening of the equipment
supports by lateral bracing may be used to reduce
the appendage period, thus possibly reducing the
design seismic loads. Lateral bracing for compres-
sion members expressly designed for seismic forces
will not exceed the slenderness limitation of L/r
< 200 in any direction.. L is the unbraced length
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(a) When the fundamental period of the building is equal or less
than 0.5 seconds (T < 0.5).

(b) When the fundamental period of the bui lding is greater than 0.5
seconds  (T  >  0 .5 ) .  (No te :  I f  Ta /T  <  1 .2 ,  AP i s  equa l  t o  va lue
obtained from Table 12-1.)

Figure 12-3. Amplification factor, AP for nonrigid and flexibly supported equipment.

in inches in the direction considered, and r is the utilizing established principles of fluid mechanics
corresponding radius of gyration in inches. and structural dynamics.

h. Storage tank hydrodynamic effects. Storage
tanks in which the liquid is rigidly contained need 12-S. Equipment on the ground. Equipment on
not have hydrodynamic effects included in the the ground is defined as equipment that is later-
seismic design when using the equivalent static ally self-supported at or below ground level
force procedure. However, when the sloshing ef- (SEAOC lG2d). It may be in contact with or
fects of the liquid could be detrimental to the buried in the soil; supported by means of a slab,
function of the tank, the hydrodynamic effects will footing, or pedestal directly supported by the soil;
be considered. Refer to chapter 13 for guidance in or supported on piles embedded in the soil. Such
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equipment may be classified in one of two general
categories, depending on its size, shape, and dy-
namic characteristics. The general categories are
relatively small, uncomplicated equipment sup-
ported on the ground and large or complex equip-
ment that will be considered to be a nonbuilding
structure.

a. Small uncomplicated equipment. Weight and
rigidity limitations of paragraph 12–2 do not apply
to equipment located on the ground because such
equipment responds to seismic motion in a manner
similar to that of a structure and is not subjected
to the additional magnification factors of similar
equipment located in the elevated stories of build-
ings. The equivalent static lateral force is given by
the equation

F P = ZIP(2 /3CP) WP (eq 12-3)
which is in conformance with SEAOC equation
1-10 with the 2/3 factor prescribed by SEAOC
lG2d. However, the forces will not be less than
required by SEAOC 1I, The way SEAOC has been
formulated, it appears that forces given by equa-
tion 12–3 will never be less than the forces
determined from SEAOC 11 unless IP is greater
than I or unless the period of the structure is
sufficiently long that the value for C is signifi-
cantly reduced from the not-to-be-exceeded value of
2.75 (SEAOC lE2a). However, SEAOC lG2d also
states that the design forces may be obtained from
SEAOC 1I (i.e., they need not be greater than
SEAOC 1I forces). This leads to the conclusion
that equipment on the ground will be designed as
nonbuilding structures and will be governed by
SEAOC 1I, as modified by chapter 13.

b. Large or complex equipment. For large or
complex equipment, the equipment and support
system are classified as nonbuilding structures
and their seismic design is governed by the provi-
sions in chapter 13.

12-6. lighting fixtures in buildings. In addition
to the requirements of the preceding paragraphs,
lighting fixtures and supports will conform to the
following seismic requirements in Seismic Zones 2,
3, and 4.

a Materials and construction.
(1) Fixture supports will employ materials

that are suitable for the purpose. Cast metal parts,
other than those of malleable iron, and cast or
rolled threads will be subject to special investiga-
tion to ensure structural adequacy.

(2) Loop and hook or swivel hanger assemblies
for pendant fixtures will be fitted with a restrain-
ing device to hold the stem in the support position
during earthquake motions. Pendant supported
fluorescent fixtures will also be provided with a
flexible hanger device at the attachment to the

fixture channel to preclude breaking of the sup-
port. The motion of swivels or hinged joints will
not cause sharp bends in conductors or damage to
insulation.

(3) Each recessed individual or continuous row
of fluorescent fixtures will be supported by a
seismic resisting suspended ceiling support system
and will be fastened thereto at each corner of the
fixture; or will be provided with fixture support
wires attached to the building structural members
using two wires for individual fixtures and one
wire per unit of continuous row fixtures. These
support wires (minimum 12-gauge wire) will be
capable of supporting four times the support load.

(4) A supporting assembly that is intended to
be mounted on an outlet box will be designed to
accommodate mounting features on 4-inch boxes,
3-inch plaster rings, and fixture studs.

(5) Each surface-mounted individual or contin-
uous row of fluorescent fixtures will be attached to
a seismic resisting ceiling support system. Support
devices for attaching fixtures to suspended ceilings
will be a locking-type scissor clamp or a full loop
band that will securely attach to the ceiling
support. Fixtures attached to the underside of a
structural slab will be properly anchored to the
slab at each corner of the fixture.

(6) Each wall-mounted emergency light unit
will be secured in a manner that will hold the unit
in place during a seismic disturbance.

b. Tests. In lieu of the requirements for equip-
ment supports given in paragraph 12-4, lighting
fixtures and the complete fixture supporting as-
sembly may be accepted if they pass shaking-table
tests approved by the using agency. Such tests will
be conducted by an approved and independent
testing laboratory, and the results of such tests
will specifically state whether or not the lighting
fixture supports satisfy the requirements of the
approved tests. Suspension systems for light fix-
tures, as installed, that are free to swing a
minimum of450 from the vertical in all directions
and will withstand, without failure, a force of not
less than four times the weight they are intended
to support will be acceptable.

12-7. Piping in buildings. Pipes are categorized
as pipes related to the fire protection system,
critical piping in essential and hazardous facilities,
and all other piping.

a. Fire protection piping. All water pipes for fire
protection systems in seismic zones 1, 2, 3, and 4
will be designed under the provisions of the cur-
rent issue of the “Standard for the Installation of
Sprinkler Systems” of the National Fire Protection
Association (NFPA No. 13). To avoid conflict with
the NFPA recommendations, the criteria in the
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following paragraphs are not applicable to piping
expressly designed for fire protection.

b. Critical piping in essential and hazardous
facilities. Critical piping is that which is required
for life-safety systems, for continued operations
after an earthquake, or for safety of the general
public. All critical piping in essential and hazard-
ous facilities, located in seismic zones 1, 2, 3, and
4 will be designed using the provisions in para-
graph 12-7d.

c. All other piping.
(1) Zone O. Piping in seismic zone O facilities

is not required to have seismic restraints.
(2) Zone 1. Piping in seismic zone 1 facilities

which are not categorized as essential or hazard-
ous is not required to have seismic restraints.

(3) Zones 2, 3, and 4. Piping in seismic zones
2, 3, and 4 facilities not categorized as essential or
hazardous is required to have seismic restraints
designed using the provisions in paragraph 12-7d,
except restraints may be omitted for the following
installations:

(4) Gas piping less than 1 inch inside diame-
ter.

(5) Piping in boiler and mechanical equipment
rooms less than 1% inches inside diameter.

(6) All other piping less than 2½ inches in-
side diameter.

(7) All electrical conduit less than 2½ inches
inside diameter.

(8) All rectangular air-handling ducts less
than 6 square feet in cross-sectional area.

(9) All round air-handling ducts less than 28
inches in diameter.

(10) All piping suspended by individual hang-
ers 12 inches or less in length from the top of pipe
to the bottom of the support for the hanger.

(11) All ducts suspended by hangers 12 inches
or less in length from the top of the duct to the
bottom of the support for the hanger.

d. Seismic restraint provisions. Seismic re-
straints that are required for piping by paragraphs
12-7b and 12–7c will be designed in accordance
with the following provisions.

(1) General. The provisions of this paragraph
apply to the following

(a) Risers. All risers and riser connections.
See appendix E for a design example of a water
riser.

(b) Horizontal pipe. All horizontal pipes and
attached valves. For the seismic analysis of hori-
zontal pipes, the equivalent static force will be
considered to act concurrently with the full dead
load of the pipe, including contents.

(c) connections. All connections and brac-
ets for pipe will be designed to resist concurrent
dead and equivalent static forces. The seismic
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forces will be determined from the appropriate
provisions below. Supports will be provided at all
pipe joints unless continuity is maintained. See
paragraph (4) below for acceptable sway bracing
details.

(d) Flexible couplings and expansion joints.
Flexible couplings will be provided at the bottoms
of risers for pipes larger than 3½ inches in
diameter. Flexible couplings and expansion joints
will be braced laterally unless such lateral bracing
will interfere with the action of the flexible cou-
pling or expansion joint. When pipes enter build-
ings, flexible couplings will be provided to allow
for relative movement between soil and building.

(e) Spreaders. Spreaders will be provided at
appropriate intervals to separate adjacent pipe
lines unless the pipe spans and the clear distance
between pipes are sufficient to prevent contact
between the pipes during an earthquake.

(2) Rigid and rigidly attached piping systems.
Rigid and rigidly attached pipes will be designed
in accordance with paragraph 12–3. The equiva-
lent static lateral force is given by FP = ZIPCPW P

(SEAOC eq 1-10), where Cp is equal to 0.75 and
WP is the weight of the pipes, the contents of the
pipes, and the attachments. The forces will be
distributed in proportion to the weight of the
pipes, contents, and attachments. A piping system
is assumed rigid if the maximum period of vibra-
tion is 0.05 second (for pipes that are not rigid see
para (3) below). Figures 12-4, 12-5, and 12-6,
which are based on water-filled pipes with periods
equal to 0.05 second, are to be used to determine
the allowable span-diameter relationship for Zones
1, 2, 3, and 4 for standard (40S) pipe; extra strong
(80S) pipe; Types K, L, and M copper tubing and
85 red brass or SPS copper pipe.

(3) Flexible piping systems. Piping systems
that are not in accordance with the rigidity re-
quirements of paragraph 12–7c(2) (i.e., period less
than 0.05 second) will be considered to be flexible
(i.e., period greater than 0.05 second). Flexible
piping systems will be designed for seismic forces
with consideration given to both the dynamic
properties of the piping system and the building or
structure in which it is placed. In lieu of a more
detailed analysis, the equivalent static lateral
force is given by F = ZIPAPCPW P (eq 12-2), where
A P = 5.0, CP = 0.75, and WP is the weight of the
pipes, the contents of the pipes, and the attach-
ments. The forces will be distributed in proportion
to the weight of the pipes, contents, and attach-
ments. Figure 12–7 may be used to determine
maximum spans between lateral supports for flexi-
ble piping systems. The values are based on Zone
4 water-filled pipes with no attachments. If the
weight of the attachments is greater than 10
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Figure 12-4. Maximum span for rigid pipe pinned-pinned
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Figure 12-5. Maximum span for rigid pipe fixed-fixed.
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Figure 12-6. Maximum span for rigid pipe fixed-fixed.

12-11



TM 5-809-10/NAVFAC P-355/AFM 88-3, Chap

percent of the weight of the pipe, the attachments
will be separately braced, or substantiating calcu-
lations will be required. Temperature stresses
have not been considered in figure 12-7. If temper-
ature stresses are appreciable, substantiating cal-
culations will be required.

(a) Use of figure 12-7. The maximum spans
and design forces were developed for ZIPAPCP =
1.50. For lower ZIPA PC P values, the spans and
forces may be adjusted by the values in table 12-2.

(b) Separation between pipes. Separation
will be a minimum of four times the calculated

Diameter
(in. )

1

1-1/2

2

2-1/2

3

3-1/2

4

5

6

8

10

12

13

maximum displacement due to FP, but not less
than 4 inches clear between parallel pipes, unless
spreaders are provided (para 12-7c(l)(e)).

(c) Clearance. Clearance from walls or rigid
elements will be a minimum of three times the
calculated displacement due to FP, but not less
than 3 inches clear from rigid elements.

(4) Alternative method for flexible piping sys-
tems. If the provisions in the above paragraphs
appear to be too severe for an economical design,
alternative methods based on the rationale de-
scribed in paragraph 12-4 and paragraph 12-8
may be applied to flexible piping systems.

Std. Wgt. Steel Ex. Strong Steel
Pipe - 40S Pipe - 80S

L * ( f t )

22

25

29

32

34

36

39

41

45

49

54

58

140  26

220

380

550

730

960

1,440

2,120

3,740

6,080

8,560

30

33

35

38

40

44

46

54

59

61

F+(lbs)

80

180

290

460

710

930

1,200

1,900

2,750

5,150

7,670

10,350

Copper Tube
Type

L* ( f t )

11

12

14

15

17

18

19

20

22

26

28

31

L

F+(lbs)

17

35

70

110

150

220

300

470

730

1,550

2,620

3,950

*Maximum spans (L) between lateral supports of flexible piping are based
on the resultant of an assumed loading of 1.5 w (ZIPA PC P = 1.5) in the
horizontal direction and 1.0 w (gravity) in the vertical direction. The
resultant is 1.8 w.

The assumed maximum stress is 20,000 p.s. i. for steel and 7,000 p.s. i.
for copper. Simple spans (pinned-pinned) are assumed. The calculated
maximum lateral displacements are 3.5 inches for steel (E = 29 x 10 6 p.s. i.)
and 0.6 inch for copper (E = 15 x 10 6 p.s. i.).

+The horizontal force (F) on the brace is based on 1.5 w L for the maximum
span. F o r  s h o r t e r  s p a n s ,  Fd e s i g n  =  ( Ld e s i g n / L ) F .

Figure 12-7. Maximum span for flexible pipes in Seismic Zone 4.
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Z o n e L F ZIPAPCP(feet) (pounds)

3 1.1 0.8 1.12

2B 1.20 0.6 0.75

2A 1.25 0.5 0.56

1 1.35 0.3 0.28

13

Table 12-2. Multiplication factors for figure 12-7 for Seismic Zones 1, 2, and 3 or@ cases where ZI PAPCP is not equal to 1.5.

(5) Acceptable seismic details for sway brac-
ing. Acceptable details are shown in figure 12-8.

12-8. Stacks. Stacks are actually beams with
distributed mass and, as such, cannot be approxi-
mated accurately by single-mass systems. The
design criteria presented herein apply to either
cantilever or singly guyed stacks. All stacks de-
signed under the provisions of this paragraph
must have a constant moment of inertia or must
be approximated as having a constant moment of
inertia. Stacks having a slightly varying moment
of inertia will be treated as having a uniform
moment of inertia with a value equal to the
average moment of inertia.

a Stacks on buildings. Stacks that extend more
than 15 feet above a rigid attachment to the
building will be designed according to the criteria
prescribed below. Stacks that extend less than 15
feet will be designed for the equivalent static
lateral force prescribed in SEAOC equation 1-10,
with CP = 2.00 (see para 12-3).

(1) Cantilever stacks.
(a) The fundamental period of the stack will

be determined from the period coefficient (i.e., C =
0.0909) provided in figure 12-9, unless actually
computed.

(b) The equivalent static force will be dis-
tributed as an inverted triangle per unit length as
shown in figure 12–10.

(c) The static force per unit length at the
top of the stack will be determined from the
following

f = 1.6ZIPAPCPW (eq 12-4)
where

Z and IP are defined in SEAOC lC
C p = 0 . 7 5
AP = amplification factor for coefficient CP, de-

termined in accordance with paragraph
12-4e

w = weight per unit length of stack
In no case will the product of APC P be less than
2.0. The value IPAPCP need not exceed 3.75.

(2) Guyed stacks. The analysis of a guyed
stack depends on the relative rigidities of the
cantilever resistance and the guy wire support
systems. If the wires are very flexible, the stack
will respond in the manner of the fundamental
mode of vibration of a cantilever (para (1) above).
If the wires are very rigid, the stack will respond
in a manner similar to the higher modes of
vibration of a cantilever with periods and mode
shapes similar to those shown in figure 12–9. The
fundamental period of vibration of the guyed
system will be somewhere between the values for
the fundamental and the appropriate higher mode
of a similar cantilever stack. An illustration for a
single-guyed stack is shown in figure 12-11. The
design of guyed stacks is beyond the scope of this
manual.

b. Stacks on the ground. Where the stack foun-
dations are in contact with the ground and the
stack is not supported by the building, the stack
will be designed as a non-building structure in
accordance with SEAOC 11 and chapter 13.

c. Anchor bolts. Anchor bolts for moment resist-
ing stack bases should be as long as possible. A
great deal more strain energy can be absorbed
with long anchor bolts than with short ones. The
use of these long anchor bolts has been demon-
strated to give stacks better earthquake perfor-
mance. In some cases, a pipe sleeve is used in the
upper portion of the anchor bolt to ensure a length
of unbended bolt for strain energy absorption.
When this type of detail is used, provisions will be
made for shear transfer (e.g., shear keys). The use
of two nuts on anchor bolts is also recommended to
provide an additional factor of safety.

12-9. Bridge cranes and monorails. In addition
to the normal horizontal loads prescribed by the
various other applicable government criteria, the
design of bridge cranes and monorails will also
include an investigation of lateral seismic forces
and deformations as set forth in this paragraph.

a. Equivalent static force. A lateral force equal
to ZIPCP times the weight of the bridge crane or
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Figure 12-8. Acceptable seismic details for sway bracing.

monorail will be statically applied at the center of equipment, WP, need not include any live load,
gravity of the equipment. This equivalent static and the equivalent static force so computed will be
force will be considered to be applied in any assumed to act nonconcurrently with other pre-
direction. Cp will be equal to 1.50. scribed nonseismic horizontal forces when consid-

b. Weight of equipment. The weight of such ering the design of the crane and monorails, When
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Figure 12–9. Period coefficients for uniform beams.

considering the design of the building, the weight a. Elements of the elevator support system. All
of the equipment will be included with the weight elements that are part of the elevator support
of the building. system, such as the car and counterweight frames,

guides, guide rails, supporting brackets and fiam-
12-10. Elevators. Power-cable-driven elevators ing, driving machinery, operating devices, and
and hydraulic elevators with lifts over 5 feet will control equipment, will be investigated for the
be designed for lateral forces set forth in this prescribed lateral seismic forces. See figure 12-12.
chapter. b. Equivalent static forces. The lateral seismic
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Figure 12–10. Seismic loading on cantilever stack.

Figure 12-11. Single-guyed stack.

forces will conform to the applicable provisions of guide rails and support brackets. Horizontal deflec-
paragraphs 12-3 and 12-4 and SEAOC 1E4.

(1) The car and counterweight frames, roller
guide assembly, retainer plates, guide rails, and
supporting brackets and framing will be designed
for FP = ZIPC PW P (SEAOC eq 1-10) where WP for
the elevator cars is the weight of the car plus 0.4
times its rated load and CP = 0.75. The lateral
forces acting on the guide rails will be assumed to
be distributed one-third to the top guide rollers
and two-thirds to the bottom guide rollers of
elevator cars and counterweights. The elevator car
and/or counterweight will be assumed to be located
at its most adverse position in relation to the

12-16

tions of guide rails will not exceed ½ inch between
supports, and horizontal deflections of the brackets
will not exceed ¼ inch.

(a) In Seismic Zones 3 and 4, a retainer
plate (auxiliary guide plate) will be provided at top
and bottom of both car and counterweight. The
clearances between the machined faces of the rail
and the retainer plate will not be more than 3/16
inch, and the engagement of the rail will not be
less than the dimension of the machined side face
of the rail. When a car safety device attached to
the lower members of the car frame complies with
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Figure 12-12. Elevator details.

the lateral restraint requirements, a retainer plate be tied to the building structure, will be provided
is not required for the bottom of the car. for tie brackets spaced greater than 10 feet, and

(b) In Seismic Zones 3 and 4, the maximum two intermediate spreader brackets are required
spacing of the counterweight rail tie brackets tied for tie brackets spaced greater than 14 feet.
to the building structure will not exceed 16 feet. (2) Machinery and equipment will be designed
An intermediate spreader bracket, not required to for CP = 0.75 in equation 3-10 when rigid and
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rigidly attached. Nonrigid or flexibly mounted 12-11. Typical details for securing equipment.
equipment will be designed in accordance with See figures 12-13 and 12-14 for examples of
paragraph 12-4. seismic restraints for equipment.

Figure 12–13. Typical seismic restraint of hanging equipment.
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Figure 12–14. Typical seismic restraint of floor-mounted equipment.
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CHAPTER 13

NONBUILDING STRUCTURES

13-1. Introduction. This chapter prescribes the
seismic design criteria for ground located struc-
tures, other than buildings. The design will be
based on SEAOC 11 and SEAOC Table l-I. Refer
to chapter 12 for seismic design criteria for equip-
ment. In some cases, equipment on the ground
qualifies under this chapter.

13-2. General. Structures other than buildings
are designed to resist seismic lateral forces deter-
mined in accordance with V = (ZIC/RW)W (SEAOC
eq l–l), where Rw ranges from 3 to 5 as shown in
SEAOC Table 11. Examples for obtaining the
forces are in appendix F. SEAOC also includes a
special equation for rigid structures (V = 0.5 ZIW
when T is less than 0.06) and a minimum value of
0.5 for C/RW. The period will be determined by
SEAOC Method B.

13-3. Elevated tanks and other inverted pen-
dulum structures. Structures that represent in-
verted pendulums, such as an elevated tank sup-
ported by a tower structure that is light in weight
relative to the tank and contents, will use the
basic formula V = (ZIC/RW)W with the value of&
equal to 3. The value for W will include the
effective weight of the contents. The accidental
torsion will be computed as for buildings. Stresses
will be computed for the earthquake forces in any
horizontal direction.

a. Elevated tanks on cross-braced columns. Foun-
dation piers will be interconnected by steel or
reinforced concrete struts. When supported by
piles or caissons, diagonal struts will also be
required. For most four-legged tanks, uplift and
column design is critical when the horizontal force
is applied at 45 degrees to the major axes. Figure
F-1 in appendix F illustrates the method of ob-
taining the seismic forces on a four-legged water
tank, including a method for computing the period
of vibration required to determine the value of C.

b. Hydrodynamic effects. In general, W will in-
clude the total weight of the contents of an
elevated tank. However, properly substantiated
procedures that account for the reduction of the
effective weight of the liquid due to sloshing may
be used. Such procedures usually result in a
mathematical model that represents a two-degree-
of-freedom system consisting of an effective rigid
mass of liquid and an effective sloshing mass of
liquid. The procedure is similar to that used for
vertical tanks on the ground. In addition to design-
ing the tower to resist the equivalent static seis-

mic forces, the effects of the sloshing liquid on the
interior of the tank will be considered.

c Elevated tanks, pedestal-type. Pedestal-type el-
evated water tanks will not be permitted is Seis-
mic Zones 3 and 4. In Seismic Zones 1 and 2, RW

will be equal to 3.

13-4. Vertical tanks (on ground). The basic
formula V = (ZIC/RW)W will be used for tanks in
which the liquid is rigidly contained (i.e., sloshing
is prevented), for tanks holding highly viscous
materials, and for pressure tanks. The value of RW

is equal to 4.0 (SEAOC Table l-H), W is the
weight plus contents, and C is equal to 2.75 unless
it can be substantiated that the period T is greater
than 0.3 second. For tanks where the liquid is not
rigidly contained, the hydrodynamic effects of the
sloshing liquid may be considered in order to
reduce the effective mass and determine the effec-
tive centroid of the liquid.

a. Hydrodynamic effects. During an earthquake
there is a complex redistribution of pressures in a
tank. The design procedure for considering these
hydrodynamic effects is based on a simplified
procedure described in technical publications and
modified herein. The effective force distribution is
illustrated in figure 13–1. The liquid is divided
into a constrained portion and an in-motion por-
tion. (If h is less than 1.5R, there is no constrained
liquid.) Part of the in-motion liquid, combined with
the constrained liquid, forms the effective mass of
the impulsive force PI ( P1 + P2 = PI). The re-
maining portion of in-motion liquid forms the mass
for the convective force PC. PI and Pc are the
resultant forces of the horizontal pressures on the
sides of the tank. PI represents the force of the
effective mass of liquid that moves rigidly with the
tank, and PC represents the force of the effective
mass of the sloshing liquid. In addition to PI and
PC, there is a vertical couple, Mb, acting on the
bottom of the tank due to the unbalanced vertical
pressures (Pb). Bending and overturning moments
are determined by multiplying PI and PC by the
effective heights hI and hc, respectively. In order
to include the effects of Mb below the tank base,
modified effective heights, h'I and h'c are given.

(1) Rigid body forces. The rigid body forces (fig
13-2) include the seismic forces due to the impul-
sive liquid, the walls of the tank, and the roof. The
term rigid body is used to denote the impulsive
liquid moving rigidly with the tank. Actually, the
tank does have some flexibility depending on the
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Figure 13-1. Effective liquid force distribution.

size and shape. For calculating C it will be
assumed that the period of the tank and contents
is less than 0.3 second unless substantiated to be
longer.

(a) The total horizontal rigid body force,
VRB, will be determined by the equation

V RB = (ZIC/RW) (Wr + WW + WI) (eq 13-1)
where Z and I are prescribed in chapter 3, RW

equals 4.0, and C equals 2.75 unless a lower value
is substantiated. W, is the weight of the roof (if
any), WW is the weight of the tank walls, and WI is
the weight of the impulsive liquid. WI is deter-
mined from the effective weight ratio, WI/W, in
figure 13-3 or table 13-1, where W is the total
weight of the liquid.

(b) The moments at the base of the tank are
determined by the equation

M RB = (ZIC/RW) (Wrh r + WWhW + WIh I) (eq 13-2)
where h, is the height of the roof, hW is the height
to the center of mass of the tank walls, and hI is
the effective height of the impulsive liquid. hI is
determined from the effective height ratio hi/h in

13-2

figure 13-3(b) or table 13-2, where h is the height
of the water level (at rest). To calculate stresses in
the tank wall, where Mb is not effective, use hI.
Below the tank base, where Mb is effective, use h'I.

(2) Sloshing liquid forces (fig 13-2).
(a) The sloshing liquid forces VSL are equal

to the convective force, PC, and will be determined
by the equation

V SL = (ZIC/RW) WC

where Z, I, and RW

equation 13–1. C is
period T and the site

(eq 13-3)
are the same as used in
dependent on the sloshing
coefficient S (SEAOC Table

1B). Wc, the weight of the convective liquid, is
determined from the effective weight ratio, Wc/W,
in figure 13–3 or table 13–1, where W is the total
weight of the liquid.

(b) The sloshing period is determined by the
equation

(eq 13-4)
where kT is determined from figure 13-4 or table
13-3.
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Figure 13–2. Rigid body and sloshing liquid forces.

(c) The moments at the base of the tank are
determined by the equation

M SL = (ZIC/RW)WChC (eq 13-5)
where hc is the effective height of the convective
liquid; hc is determined from the effective height
ratio hc/h (fig 13–3(b) or table 13–2), where h is the
height of the water level (at rest). To calculate
stresses in the tank wall, where Mb is not effec-
tive, use hc. Below the tank base, where Mb is
effective, use h'C.

(d) The maximum design height of the
sloshing wave is determined for cylindrical tanks
from the equation

d m a x=
0.75(ZIC/RW)R (eq 13-6)
1- kdZIC/R W)

and for rectangular tanks from the equation

d m a x=
0.833(ZIC/RW)R (eq 13-7)
1- kd(ZIC/RW)

where kd is obtained from figure 13–5 or table
13-4. R is the radius of a cylindrical tank or
one-half the plan dimension of a rectangular tank.

(3) Combining the rigid body forces and the
sloshing liquid forces. The rigid body forces and
the sloshing forces will be combined by the square
root of the sum of the squares, as shown in the
equations

(eq 13-8)

(eq 13-9)

13-3
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α 0.50 0.75 1.00 1.50 2.00 2.50 3.00 3.50 4.00 500

hI/h, impulsive 0.38 0.38 0.38 0.38 0.41 0.42 0.44 0.45 0.45 0.46

h'I/h, impulsive 1.60 1.00 0.80 0.58 0.51 0.49 0.48 0.48 0.47 0.47

h c/ h , cylindrical 0.53 0.57 0.60 0.68 0,74 0.79 0.82 0.84 0.86 0.89
convective

rectangular 0.53 0.55 0.58 0.65 0.71 0.76 0.79 0.82 0.84 0.87

h ’c /h , cylindrical 1.60 0.96 0.79 0.73 0.75 0.79 0.82 0.84 0.86 0.89
convective

rectangular 2.00 1.11 0.86 0.73 0.74 0.77 0.80 0.82 0.84 0.87

See Figure 13-3(b) for Plot

Table 13-2. Effective height ratio.

Figure 13-4. Period constant. kt.

This is consistent with modal analysis procedures
where spectral responses of the predominant
modes are combined in such a manner.

(4) Sloshing wave height dmax. The value of
dmax must be less than the freeboard height (hr

minus h) for the simplified hydrodynamic proce-
dure to be valid. If dmax

is greater than (hr minus
h), liquid will overflow the top of the tank when
there is no roof or will be confined by the roof if a

roof exists. When there are interior elements, such
as baffles or roof supports, the effects of sloshing
liquid on these elements will be considered.

b. Design of tank. The critical items of concern
in the seismic design of the tank are the horizon-
tal shear at the base, the overturning and uplift
forces at foundations, the compression buckling of
the tank shell, and, when tie-downs are used, the
resulting additional stresses at the attachment of
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k T*

a 0.50 0.75 1.00 1.50 2.00 2.50 3.00 4.00 5.(K)

kT, cylindrical 1.40 1.00 0.84 0.67 0.58 0.52 0.47 0.41 0.37

kT, rectangular 1.50 1.10 0.92 0.73 0.63 0.56 0.51 0.44 0.39

*used for sloshing (convective motion) period T = where h is the height in feet.
See Figure 13-4 for Plot

Table 13–3. Period constant,

Figure 13–5. Coefficient kd.

α 0.50 0.75 1.00 1.50 2.00 2.50 3.00 4.00 5.00

kd, cylindrical 1.33 1.62 1.75 1.83 1.84 1.84 1.84 1.84 1.84

kd, rectangular 1.04 1.31 1.45 1,55 1.57 1.58 1.58 1.58 1.58

See Figure 13-5 for Plot

Table 134. Coefficient kd.
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the anchors, which could tear the shell. The
stresses resulting from the seismic forces will be
combined with other applicable stresses. Proce-
dures for the design of vertical tanks are beyond
the scope of this manual. Industry standards (e.g.,
AWWA and API) have developed seismic criteria
as supplements to general design criteria. Proce-
dures used for the design of tanks will be substan-
tiated by means of rational analysis, tests, or past
experience.

13-5. Horizontal tanks (on ground). The basic
formula V = (ZIC/RW)W will be used, with RW =
4. The critical items of concern in the seismic
design are the stresses in the saddles and in the
base footing. The soil pressure in the transverse
direction due to overturning may be critical. The
resultant of forces must always fall within the
middle third of the footing pad.

13-6. Retaining walls. The design of retaining
walls for seismic forces in Seismic Zone 4 will use
an additive seismic factor of 20 percent of the total
earth pressure forces plus 20 percent of the weight
of the wall at a point 2/3 the fill height above the
base of the retaining wall. The stresses in the

concrete and reinforcing steel will not be critical,
as the increase in stresses or decrease in load
factor is greater than the increase due to seismic
load. The overturning effect on the footing may be
critical in some cases. The footing will be sized so
that there is no theoretical net tension between
the footing and the supporting ground. In Seismic
Zones 1, 2, and 3, the 20 percent factor will be
proportioned in the ratio of the Z factor to 0.4.

13-7. Buried structures. Buried tanks and pipes
of moderate size, or smaller, generally do not
require special seismic design considerations if
applicable nonseismic design criteria are satisfied.
However, tanks, tunnels, pipes, etc. that have
large cross sections or are classified for essential
or important usage will require special consider-
ations for seismic design that are not included in
the scope of this manual. In the design of long
structures, consideration will be given to the wave
shape and ground deformation resulting from the
seismic ground motion. Where changes in the
support system, configuration, or soil condition
occur, flexible couplings will be provided in order
to accommodate the anticipated deformation, as
discussed in chapter 14.
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CHAPTER 14

UTILITY SYSTEMS

14-1. Introduction. This chapter prescribes the
criteria for utility systems and components 5 feet
or farther beyond buildings in seismic areas. Util-
ity systems have been classified as being either
above grade or underground. Principles, factors,
and concepts involved in seismic design are illus-
trated. These are not mandatory; therefore, other
equivalent methods or schemes complying with
applicable agency guide specifications and the
intent of this manual may be used.

14-2. General. Utility systems will be planned
and designed in accordance with the provisions
given in this chapter, except as follows–

a. Systems above grade. Utility system compo-
nents and equipment supports above grade will be
designed in accordance with the applicable provi-
sions of chapter 12.

b. Rigorous analysis. No part of this chapter
will be construed to prohibit a rigorous analysis of
an exterior utility system either above or below
grade by established principles of structural dy-
namics and soil mechanics. Such an analysis must
demonstrate that the exterior utility system will
withstand, without disrupting service, the ground
accelerations and associated deformations induced
in the system by a major seismic event. The effect
of such an event on the system will be determined
using either acceleration-time history records or
equivalent response spectra of major seismic
events. The actual earthquake record or response
spectra used, including artificially generated spec-
tra, will be geologically and seismologically appro-
priate to the site and may be scaled in amplitude
for maximum base acceleration as determined by
the earthquake history of the area and by the
principles of engineering seismology.

14-3. Earthquake considerations for utility sys-
tems.

a. Earthquake resistant facilities. A fundamental
precept of seismic design is that it is virtually
impossible to design facilities to resist every earth-
quake without damage. Some damage must always
be expected. The proper emphasis for good seismic
design of exterior utility systems should then be
on the development of earthquake resistant facil-
ities for which measures have been taken to limit
damage and to provide for expedient restoration of
service. The two most important parameters in
evaluating the seismic resistance of utility systems
are site geology and structural configuration.

b. Site geology. The geology beneath a facility
exerts considerable influence on the magnitude of
the surface accelerations and deformations experi-
enced during an earthquake. Current seismic
building codes generally recognize this by taking
soil type into account in seismic design (e.g.,
S-factor in chap 3). The best material on which to
construct a utility system, from a strictly seismic
standpoint, is sound rock. Unconsolidated sand
and soft clay present the greatest hazards. Uncon-
solidated materials, either native soil or fill,
present hazards of uncontrolled or differential
settlements and/or lateral spreading. Even when
utilities are built on good soils, considerable struc-
tural difficulties can develop. Large strain gradi-
ents can be induced at the interface between
native soil and engineered fill and damage buried
utilities if the fill is improperly compacted or is
improperly benched or terraced. Seismically in-
duced relative movement of the fill with respect to
the native material can, through settlement or
through slippage at the fill-native material inter-
face, shear off an underground utility pipe.

c. Structural configuration. Structurally flexible
underground systems have better earthquake re-
sistance than rigid systems. Underground utilities
can often be displaced during an earthquake,
despite the relatively large-magnitude forces that
may be required to initiate movement. A flexible
system designed to accommodate the anticipated
ground deformation will be less apt to fail during
a major earthquake. Utility pipes rigidly attached
to appurtenances can be sheared off by seismically
induced differential settlements between the ap-
purtenance structure and the adjoining pipes.
Flexibility should be provided in utility pipes at
entrances to and exits from heavy, rigid appurte-
nances, especially in systems dependent upon
sound, untracked pipe and connections for satisfac-
tory performance. The same is true for pipes
passing from native material into engineered fill,
While it is not feasible to design the utility pipe to
support some portion of the fill, the pipe can be
made flexible at the interface to accommodate the
anticipated relative movement.

14-4. General planning considerations. The
considerations presented herein are guidelines for
the planning of earthquake-resistant facilities.
Since some damage should always be expected
with major seismic activity, the considerations
given here stress procedures to be followed to
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lessen the effects of seismic activity on utility
systems and service.

a. Municipal-sized facilities. Such facilities
should be planned and designed with due regard
for possible seismic emergencies; disaster plans
and equipment that may be required should be
anticipated. Examples of emergency provisions and
policies that may be anticipated in the planning
stage are as follows:

(1) Specialized emergency equipment, such as
mobile flame ionization detectors necessary for the
detection of gas leaks, should be available.

(2) Structures that may be used as emergency
operation centers should be equipped with battery
or other standby power supply systems for commu-
nication with emergency vehicles by two-way ra-
dio.

(3) Provision should be made for the procure-
ment of gasoline for emergency vehicles. Manually
operated fuel pumps should be provided for use in
pumping gasoline in the event of power failure.

(4) Emergency lights powered by a battery-
driven or gasoline-driven generator should be pro-
vided for use in restoring utility service in the
event of a power failure.

(5) The engineering staff responsible for the
utility system should, from time to time, bring the
emergency seismic disaster plans up to date.

(6) Seismic disaster plans should include con-
tingency plans defining procedures for dealing
with fires, landslides, and possible health hazards
resulting from disrupted sanitary facilities.

b. Individual facilities. Examples of earthquake
disaster procedures that may be implemented into
the design in the planning stage are as follows–

(1) Persons having responsibility for the su-
pervision and maintenance of critical facilities
should establish earthquake disaster plans. Such
plans will be subject to the approval of the utility
authority.

(2) The utility authority should emphasize the
importance of seismic disaster plans to the super-
visory personnel of essential facilities. Seismic
disaster plans should be emphasized to the same
extent as fire protection plans.

(3) Capability should be established in critical
facilities for water to be supplied from emergency
reservoirs or wells.

(4) Personnel should be organized to shut off
gas service, but only when they smell gas, and
they should be instructed not to restore service
until advised to do so by the utility authority. For
essential facilities in Seismic Zones 3 and 4, an
approved earthquake-actuated gas shut-off valve
should be provided.

14-2

(5) Plans showing the locations of utility ser-
vice lines in buildings should be kept in a safe and
accessible location so as to be available for emer-
gencies.

14-5. Specific planning considerations. The re-
quirements given here are intended to be used in
the planning of a utility system of either a major
facility of municipal size or an individual facility
of high priority in seismic areas. These require-
ments supplement applicable agency manuals.

a. General. Whenever practical, utility piping
should avoid unstable ground or known earth-
quake faults, should not traverse native soil struc-
tures having widely varying degrees of consolida-
tion, and should not pass from natural ground to
unstable fill.

b. Water. Where possible, it is preferable to
have at least two independent sources of water
supply for municipal-sized facilities in Zones 2, 3,
and 4 (refer to chap 3, para 3-4 for seismic zone
maps). When water is furnished by a public utility
company, a secondary supply may be provided
from on-site wells or from an on-site reservoir.
When the water source consists of an on-site well,
an additional well should be drilled at a point as
widely separated as is practical from the first well.
Decentralization of municipal-sized waterworks
will provide a more flexible water supply network
and thus promote a more dependable water supply
during a disruptive earthquake. Where practica-
ble, on-site water distribution systems in Zones 2,
3, and 4 should be laid out in a grid pattern. In
the event service is disrupted in one section of the
grid, water may be drawn from any of several
adjacent sections. The grid will be valved to
prevent loss of stored emergency supply, to permit
the isolation of breaks, and to facilitate the emer-
gency distribution of water (e.g., fig 14-7).

c. Gas. Provisions will be made such that instal-
lations normally supplied by public utility systems
in Zones 2, 3, and 4 for which a gas outage would
be critical can be supplied by a liquid petroleum
gas (LPG) standby system. Gas distribution net-
works in Zones 1, 2, 3, and 4 will be valved so that
breaks in gas lines may be isolated.

d. Power. Two independent sources of support
are less likely to be available for electrical distri-
bution systems than for water and gas supply
systems. For Zones 2, 3, and 4, standby power
generating facilities should be maintained for use
in critical areas such as essential systems for
hospitals, computer centers, communication sys-
tems, etc. in the event of normal power supply
disruption. Such standby systems may consist of
diesel- or gasoline-engine-driven electric genera-
tors located within the building.



e. Sanitary sewers. The design of sewer systems
for municipal-sized facilities located in Zones 2, 3,
and 4 will incorporate provisions to eliminate as
much as practicable the possibilities of wastewater
flooding, contamination of groundwater, and con-
tamination of open water storage reservoirs,
should rupture occur to sewers and sewage dis-
posal structures. The design of sewage treatment
facilities in Zones 2, 3, and 4 will consider the
possibility of decentralizing treatment facilities to
minimize possible damage. The practicability of
decentralization will be weighed against increased
operating, maintenance, and initial costs. In Zones
2, 3, and 4 a means will be provided to rapidly
empty and bypass sewage treatment and sewage
pumping plant facilities. Should it be impossible to
dump raw sewage into emergency outfalls, some
simple method of treating the raw sewage should
be provided to safeguard health and prevent a
nuisance. Mobile pumping equipment should be
available for pumping raw sewage into the nearest
sewer collector in the event of a pumping plant
breakdown.

f. Storm sewers. More damage to storm sewers
and storm sewer facilities can be tolerated than to
sanitary sewers and sewage disposal facilities.
Cracked or damaged storm sewers in most in-
stances present little danger to health or property.
In certain areas where damage to equipment can
result from flooding or from infiltration and settle-
ment of fill, care in the design of the storm sewer
system must be taken in order to minimize the
effects of cracked or broken pipes.

g. Miscellaneous systems. It is not feasible to
provide secondary distribution systems for central
steam, motor vehicle fuel, air, and similar utility
systems, but all planning considerations given
above, where applicable, will apply to these sys-
tems.

14-6. Design considerations. The provisions of
this paragraph are intended to supplement rather
than supersede the provisions of the various mili-
tary design manuals and other applicable govern-
ment criteria.

a. Materials and construction. Specifications for
materials and construction will be governed by the
applicable government criteria.

b. Pipe flexibility. No section of pipe in Zone 2,
3, or 4 will be held fixed while an adjoining
section is free to move, without provisions being
made to relieve strains resulting from differential
movement, unless approved calculations show that
the pipeline can resist the stresses caused by the
predicted or estimated pipe movements. Flexibility
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the use of flexible joints or
14-1 through 14-6) at the

adjacent to both sides of the
surface separating different types of soil having
widely differing degrees of consolidation.

(2) At all points that can be considered to act
as anchors.

(3) At all points of abrupt change in direction,
and at all tees.

c. Water. Buildings housing essential functions,
such as hospitals, will be provided with two or
more service lines, The service lines will be con-
nected to separate sections of the grid so as to
provide continued service in the event one section
of the grid is isolated. Services will be intercon-
nected in the building with check valves to pre-
vent backflow. Flexible couplings or flexible con-
nections will be used between valves and lines for
valve installations on pipes 3 inches or larger in
diameter. In remote areas or at a site with a
single water source, auxiliary storage would be an
acceptable alternative.

d. Gas. When secondary or standby gas supply
systems cannot be justified for a site, gas distribu-
tion networks for buildings in Zones 2, 3, and 4
housing essential functions dependent upon gas
will include an aboveground valved and capped
stub. Provision will be made for attachment of a
portable, commercial-sized gas cylinder system to
this stub. For essential facilities in Seismic Zones
3 and 4, an earthquake-actuated shut-off valve will
be provided. Provisions will be made for the
expedient restoration of service and for the preven-
tion of pilot light leaks when service is restored. If
an earthquake-actuated shut-off valve presents the
possibility of disrupted service in buildings where
the fire hazard is small, a manually operated
shut-off valve will be installed. The location and
operation of such a valve will be made known to
the supervisory personnel of the building.

e. Power. Individual aboveground components of
electrical utility systems will be designed for
seismic forces under the provisions of chapter 12.
Slack will be provided in underground cables
whenver such cables enter or exit rigid appurte-
nances. The provisions of paragraph 14-6b will not
be held applicable to underground electrical utility
conduits.

f. Storm sewer facilities. While it is desirable to
have flexibility in storm sewer pipe, such flexibil-
ity cannot, in most instances, be provided without
inordinate cost. The provisions of paragraph 14-6b
will not be held applicable to storm sewer pipes.
Every attempt should be made, however, to pro-
vide flexibility in the connection of storm sewer
pipes to rigid appurtenances in Zones 2, 3, and 4.
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14-7. Seismic details. Figures 14-1 through 14-7 resistance. Where required by the provisions of
are provided to show acceptable seismic details. this chapter, these recommended seismic details or
Some of the plates show examples of good and poor similar equivalent details will be incorporated in
seismic details. Other plates merely illustrate de- the utility design.
tails that have exhibited good seismic details and
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Appendix B

RECOMMENDED LATERAL FORCE REQUIREMENTS
1990 EDITION

OF

GENERAL REQUIREMENTS
FOR THE DESIGN AND CONSTRUCTION OF

EARTHQUAKE RESISTIVE STRUCTURES

B-1. General.
a. Every structure and every portion thereof shall, as a minimum, be designed and constructed to

resist the effects of seismic ground motions as provided in these requirements. Any jurisdiction may adopt
more stringent requirements.

b. Where code prescribed wind design produces greater effects the wind design shall govern but
detailing requirements and limitations prescribed in these provisions shall be followed.

c. A continuous load path, or paths, with adequate strength and stiffness shall be provided which will
transfer all forces from the place of application to the resisting elements.

d. The basis for the seismic design shall be stated on the structural drawings. The statement shall
include: (1) the governing edition of the building code; (2) the total base shear coefficient used for seismic
design; and (3) a description of the lateral force resisting system, as defined in these requirements.

e. Calculations may include the results from an electronic digital computer program. The following
requirements apply to calculation submittals to a building official which include such computer output.

(1) A drawing of the complete mathematical model used to represent the structure in the
computer-generated analysis shall be provided.

(2) A program description (User’s Guide) shall be available and contain the information necessary to
determine the nature and extent of the analysis, verify the input data, interpret the results, and determine
whether the computations comply with these recommendations.

(3) Data provided as computer input shall be clearly distinguished from those computed in the
program. The information required in the output shall include date of processing, program identification,
identification of structures being analyzed, all input data, units and final results.

(4) The first sheet of each computer run shall be signed by the engineer responsible for the
structural design.

B-2. Design criteria. The Structural Engineers Association of California (SEAOC) manual Recommended
Lateral Force Requirements and Commentary 1990 Edition is an integral part of this manual. It is
necessary to have the SEAOC manual to use this Technical Manual.
The SEAOC manual can be obtained by contacting:

Structural Engineers Association of California
P.O. Box 19440
Sacramento, California 94819-0440
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APPENDIX C

SEAOC AMENDMENTS TO ACI 318

C-1. The following amendments to ACI 318-89
are compatible with the 1990 SEAOC recommen-
dations.

C-2. Add the following provision:
Plain concrete shall not be used for structural
members of buildings in Zones 2, 3, and 4.

C-3. In ACI 21.1, add the following definitions:
a. Confined core. The area within the core de-

fined by hc.
b. SMRF. Special moment resisting frame con-

forming to the provisions of ACI 21.1 through
21.7, as they apply to moment resisting frames.

c. Seismic hook. A 135-degree bend with an
extension of six bar diameters, but not less than 3
inches, that engages the longitudinal reinforce-
ment and projects into the interior of the stirrup
or hoop.

d. Wall pier. A wall segment with a horizontal
length-to-thickness ratio between 2.5 and 6, whose
clear height is at least two times its horizontal
length.

C-4. In ACI 21.1, add the following definition of
design load combinations:
The load factors given in ACI equations 9–2 and
9-3 shall be modified to

U = l . 4 ( D + L + E )
U = 0.9D + 1.4E

C-5. Add to ACI 21.2.4.2:
In no case shall the compressive strength of
lightweight concrete used in design exceed 6000
psi.

C-6. Add to ACI 21,3.3.4:
Stirrups shall have seismic hooks

C-7. Add to ACI 21.4.1:
The requirements of this section also apply to all
members resisting gravity loads by compression.

C-8. Add to ACI 21.4.1:
Any area of a column which, for architectural
purposes, extends more than 4 inches beyond the
confined core shall have minimum reinforcing as
required for nonseismic columns as specified in
21.8.

C-9. Add to ACI 21.4.3.2:
Tension splices shall be proportioned as Class A
tension splices in accordance with chapter 12 and
shall have transverse reinforcement over the full
lap splice length in accordance with 21.3.2.3.

C-10. Add to ACI 21.4.4.4:
Where the calculated point of contraflexure is not
within the middle half of the member clear height,
provide transverse reinforcement as specfied in
21.4.4.1 through 21.4.4.3 over the full height of
the member.

C-11. Replace the last sentence of ACI 21.4.4.5
with the following:
If the column terminates on a wall footing or mat,
transverse reinforcement as specified in 21.4.4.1 or
21.4.4.3 shall extend into the footing or mat either
the compressive development length of the largest
longitudinal reinforcement or the lead length of a
standard hook.

C-12. Add to ACI 21.4.4:
At any section where the ultimate capacity of the
column is less than the sum of the shears Ve,
computed in accordance with 21.7.1.1 for all the
beams framing into the columns above the level
under consideration, transverse reinforcement as
specified in 21.4.4.1 through 21.4.4.3 shall be
provided. For beams framing into opposite sides of
the columns, the moment components may be
assumed to be of opposite sign. For the determina-
tion of ultimate capacity of the columns, these
moments may be assumed to results from the
deformation of the frame in any one principal axis.

C-13. Add to ACI 21.5.2.4:
Splices in horizontal reinforcement shall be stag-
gered. Splices in two curtains, where used, shall
not occur in the same location.

C-14. Add to ACI 21.5.2:
Where boundary members are not required by
21.5.3.1, minimum reinforcement parallel to the
edges of all shear walls and diaphragms and
boundaries of all openings shall consist of twice
the cross-sectional area of the minimum shear
reinforcement required per lineal foot of wall.

C-15. Add to ACI 21.5.2:
Transverse reinforcement terminating at the edges
of shear walls without boundary elements shall
have a standard hook engaging the edge reinforce-
ment, or the edge reinforcement shall be enclosed
in ‘u’ stirrups of the same size and spacing and
shall be spliced to the transverse reinforcement.

EXCEPTION Walls with a factored shear, VU,
in the plane of the wall less than
not meet these requirements.
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C-16. Add to ACI 21.5.3:
Structural steel members conforming to SEAOC
Chapter 4 and encased monolithically in the walls
at the edges may be used for boundary members
provided adequate shear transfer is provided be-
tween the steel and the concrete.

C-1 7. Add to ACI 21.5:
A cast-in-place topping on a precast floor system
may serve as the diaphragm provided the cast-in-
place topping ‘acting alone is proportioned and
detailed to resist the design forces.

C-18. Add to ACI 21.5:
Minimum thickness of diaphragms. Diaphragms
used to resist prescribed lateral forces shall not be
less than 2 inches thick. Topping slabs placed over
precast floor and roof elements shall not be less
than 2½ inches thick.

C-1 9. At the end of ACI 21.5, add a new section:
Wall piers.

a. Wall piers not designed as part of a SMRF
shall have transverse reinforcement designed to
satisfy the requirements of paragraph b below.

EXCEPTION 1. Wall piers that satisfy ACI
21.8.

EXCEPTION 2. Wall piers along a line within
a story where other shear wall segments provide
lateral support to the wall piers and such seg-
ments have a total stiffness at least six times the
sum of the stiffnesses of all wall piers along that
line.

b. Transverse reinforcement shall be designed to
resist the shear forces determined from ACI
21.7.1.2 and shall meet the requirements of ACI
21.7.2.1. When the axial compressive force, includ-
ing earthquake effects, is less than Aqfc’/20, trans-
verse reinforcement in wall piers may have stand-
ard hooks on each end in lieu of hoops. Spacing of

transverse reinforcement shall not exceed six
inches. The zone of transverse reinforcement shall
be extended beyond the wall pier clear height for
at least the development length of the largest
longitudinal reinforcement in the wall pier.

c. Wall segments with horizontal length-to-
thickness ratio less than 2½ shall be designed as
columns.

C-20. Add to ACI 21.6.1:
Where longitudinal beam reinforcing bars extend
through a joint, the column depth in the direction
of loading shall not be less than 20 times the
diameter of the largest longitudinal bar.

C-21. In ACI 21.7.1.3, change the specification of
load combinations from 9.2 to paragraph C-4.

C-22. Add to 21.7.2.1:
Earthquake-induced shear force is the shear in-
duced by the flexural moment strengths of the
beams calculated in accordance with 21.7.1.1.

C-23. Delete ACI 21.7.3.1.

C-24. Revise the title of ACI 21.8 to read:
Frame members not part of the lateral force
resisting system.

C-25. Delete ACI 21.8.1 and substitute the
following:
All frame members assumed not to be part of the
lateral force resisting system shall be shown to be
adequate for vertical load carrying capacity with
the structure assumed to have deformed laterally
in accordance with SEAOC lH2d. Such members
shall satisfy the minimum reinforcement require-
ments specified in 21.3.2.1 and 21.5.2.1 and chap-
ters 7, 10, and 11.

C-26. In ACI 21.9.3, delete the word “factored” in
reference to “gravity loads.”
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APPENDIX D

DESIGN EXAMPLES—BUILDING SYSTEMS

D-1. Introduction. This appendix gives illustrative examples for designing various types of lateral
systems. Generally, the calculations determine earthquake lateral forces and their distribution to the
resisting elements of the buildings; some examples covering frames, walls, diaphragms, and foundations
are essentially complete. Calculations are not given where ordinarily accepted design procedures are
involved, such as sizing and detailing members once forces are determined.

D-2. Use of this appendix. This appendix is purely advisory; it is not intended to place super-restrictions
on the manual. This appendix is not a handbook for the inexperienced designer. Neither the manual, nor
the manual supplemented by this appendix, can replace good engineering judgment in specific situations.
Designers are urged to study the entire manual.

D-3. Commentary.
a. Unless otherwise indicated, all design examples in this appendix are based on Zone 4, where Z =

0.40. But the principles and methods for determining lateral forces are alike for all zones.
b. Examples D-1, D-2, D-3, and D-5 are for the same basic building, using (1) bearing walls, (2)

concrete frames, (3) steel frames, and (4) frames in combination with shear walls (a dual bracing system),
respectively. These examples tend to illustrate the relationship between architectural features (fenestra-
tion and materials of construction) and structural design.

c. A 10-pound-per-square-foot weight is added to the roof for the seismic effect of the upper half of the
top-story partitions.

d. It is assumed that stairs are detailed so as not to transmit shears from floor to floor. Also,
removable and special partitions (such as utility room walls) will be made flexible or isolated so as not to
affect the distribution of lateral loads or to act as shear walls.

e. Metal-deck roofs are considered to form flexible diaphragms, and roof loads are distributed
according to tributary area rather than relative rigidity of walls below.

D-4. Design examples.
Fig. No. Description of Design Examples

D-1 Box System.
A two-story building with bearing walls in concrete using a series of interior, vertical
load-carrying columns and girder bents.

D-2 Concrete Ductile Moment Resisting Space Frame.
A three-story building with a complete ductile moment resisting space frame in
concrete without shear walls.

D-3 Steel Ductile Moment Resisting Space Frame and Steel Braced Frame.
A three-story building with transverse special moment resisting frames and longitudi-
nal frames with chevron bracing.

D-4 Dual Bracing System.
A two-story building in concrete with a ductile moment resisting space frame and with
shear walls.

D-5 Dual Bracing System.
A three-story building with a ductile moment resisting space frame in structural steel
and with shear walls in concrete.

D-6 Wood Box System.
A two-story wood framed building, using wood floor and roof decks, and wood stud
walls with plywood sheathing.

D-7 Special Configuration.
A one-story building with concrete bearing walls on three sides and open on one side.

D-8 L-Shaped Building.
A three-story building with bearing walls in concrete, using a series of interior
vertical load-carrying columns and girder bents.
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DESIGN EXAMPLE D-1

Building With A Bearing Wall:

Description of Structure. A two-story administration building with bearing
walls in concrete, using a series of interior, vertical load-carrying column
and girder bents. The structural concept is illustrated on Sheets 3 and 4.

Construction Outline.
Roof : Exterior Walls:

Built-up, 5-ply. Bearing walls in concrete,
Metal decking with furred with GWB finish

insulation board. Partitions:
Suspended ceiling. Non-structural removable dry-

2nd Floor : wall, except concrete as
Metal decking with concrete fill. structurally required.
Asphalt tile.
Suspended ceiling.

1st Floor:
Concrete slab-on-grade.

Design Concept. Since the structure is without a complete load-carrying
space frame, the Rw-factor is 6. The metal deck roof system forms a flex-
ible diaphragm, therefore the roof loads are distributed to the shear walls
by tributary area rather than by second story wall stiffnesses. The roof
diaphragm being flexible will not transmit accidental torsion to the shear
walls. The metal deck with concrete fill system for the second floor forms
a rigid diaphragm. The shear walls react to the forces from the diaphragm,
therefore the relative rigidities of the various walls and the individual
piers must be determined. This is necessary so that a logical and consis-
tent distribution of story shears to each wall and pier can be made. The
wall analysis utilizes the Design Curve for Masonry and Concrete Shear Walls
on Figure 6-4.

Discussion. A 10 psf partition load is included in the seismic roof loading
but is not included in the vertical design. The stairs are isolated so that
they will not transmit shears from floor to floor. The walls along Lines

act as vertical cantilever beams joined by struts at the
f loor  l ines. The overturning moments are distributed to the individual
piers in proportion to the pier stiffnesses. The end wall along Line
abuts an existing building, therefore a wall with no openings is provided.
The spandrels in wall along Line   must be designed to transfer vertical
shears due to shear wall action.

Figure D-1. Box system.
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Loads:
R o o f :
5-ply roofing

1"- insulation
Steel deck
Steel purlins
Steel girders
columns

Ceiling
Miscellaneous

Dead Load

= 6.0p.s.f.
= 1.5
= 2.3
= 3.7

&
= 1.2
= 10.0
= 1.0
25.7 p.s.f.

2nd Floor :
Finish = 1.0 p.s.f.
Steel deck = 3.1
Concrete fill = 32.0
Steel beams = 5.9
Steel girders &
columns = 1.5

Partition = 20.0
Ceiling = 10.O
Miscellaneous = 1.0

Dead Load = 74.5 p.s.f.*
Add for seismic:
Partitions 10.0 p .s.f. Live Load = 50.0 p.s.f.
Total for seismic 35.7 p.s.f.*
Live Load 20 p.s.f. (no snow)

Materials.
Structural steel . . . . . . . . . . F y 

= 36 k.s.i.
Concrete . . . . . . . . . . . . . . . . . . f' c = 4,000 p.s.i., Ec

= 3.6 X 106 psi
Reinforcing steel  . . . . . fy = 40,000 p.s.i.
Allowable soil pressure . . . = 3,000 p.s.f. Vertical Load
Allowable soil pressure . . . = 4,000 p.s.f. Vertical plus Seismic

*Weight of shear walls are not included here. The weight of the concrete
shear walls are calculated on pages 4 and 5. The weights of the exterior
windows and architectural wall panels are included in the partition weights.

Figure D-1. Continued
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Figure D1. Continued
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Figure D-1. Continued
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Figure D-1. Continued.
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Figure D-1. Continued
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Figure D-1. Continued.
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Figure D-1. Continued.

D-13



TM 5-809-10/NAVFAC P-355/AFM 88-3, Chap 13

Figure D-1. Continued.
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Figure D-1. Continued.
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Figure D-1. Continued.
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Figure D-1. Continued
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Figure D-1. Continued.
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Figure D-1. Continued
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Figure D-1. Continued.
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Figure D-1. Continued.
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Figure D-1. Continued
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Figure D-1, Continued.
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Figure D-1. Continued.
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Figure D-1. Continued.
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Figure D-1. Continued.
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Figure D-1. Continued.
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Figure D-1. Continued.
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Figure D-1. Continued.
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Figure D-1. Continued.
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Figure D-1. Continued.
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DESIGN EXAMPLE D-2

Concrete Special Moment Resisting Frame

Description of Structure. A three-story Administration Building with a
ductile moment resisting space frame in reinforced concrete without shear
walls, using non-bearing, non-shear, exterior walls (skin) of flexible in-
sulated metal panels. The structural concept is illustrated on Sheet 3.

Construction Outline.
Roof: Exterior Walls:

Built-up 5-ply. Non-bearing, non-shear,
Concrete joists insulated metal panels.
and girders.

Suspended ceiling. Partitions:
2nd & 3rd Floors: Non-structural removable

Concrete joists drywall.
and girders.

Asphalt tile.
Suspended ceiling.

1st Floor:
Concrete slab-on-grade.

Design Concept.’ Since the structure is a ductile moment resisting space
frame with the capacity to resist the total required lateral force, the
RW-factor is 12. Seismic Zone 4.

Discussion. Inasmuch as the design requirements for concrete ductile
moment-resisting frames are complex, a detailed design procedure is given on
p. 2 of the example.

Loads.
Roof : 5-ply roofing 6.0

1“ insulation 1.5
Conc. frame 115.0
Ceiling 5.0
Miscellaneous 3.5

Dead Load 131 psf

Add for seismic loading:
Partitions 10

141 psf

Floors: Floor covering 1
Cone. frame 129
Partitions 20
Ceiling 5
Mech. & Elect. 5
Miscellaneous 4

Dead Load 164 psf

Live Load 50 psf

Live Load 20 psf Exterior Wall
Materials.

11 psf

Concrete: f 'c = 4 ksi Ee 

= 3.6 X 1 06 p s i

Steel: f y 

=
60,000 psi

Figure D-2. Concrete ductile moment resisting space frame.
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DESIGN PROCEDURE

Building System and Loads

Member Sizes

Building Weights

Base Shear

Story Forces and Overturning

Relative Rigidities of Frames

Distribution of Forces to Frames

Frame Analysis

Design Forces for Beams -- PROCEDURE

Forces

Longitudinal Reinforcement Req’d, Actual Mu, Mp

Transverse Reinforcement

Column Forces

Slenderness, Magnified M (Req’ d Mu)

Capacity Req’d, Actual Mu, Col. Mu > Beam Mu, Mp

Shear Based on Mp’s

Special Transverse Reinforcement

Beam-Column Joint

Summary of Design

Figure D-2. Continued

Sheet NO.

1-3

4

5,6

6

7

7

8

9,10

11

12

13

14

15

16

17

18

19-21

22-24

25
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DISCUSSION OF MEMBER SIZES

1. The example is intended to illustrate the procedure for designing a con-
crete ductile moment resisting frame. The design work is complex, and
several trials are required in order to achieve the optimum design.

2. The building configuration was arbitrarily made the same as that of the
steel

3. Frame
l & 2

frame-of example D-3.

B will be analyzed in this example and members between
will be designed to illustrate the design procedure.

grid lines

a. The section of beam & col. sizes is a trial and error Procedure.
Architectural considerations, limitations on dimensions (Fig. 8-2),
space for bar placement, allowable stresses of concrete and steel,
etc., can affect the member sizes.

b. The beam was assumed to be 28” x 30” , and the required reinforcing
and the actual ultimate moment capacity were calculated.

c. For the min or max Pu and the required Mp(on the basis of column

12
Mp beam Mp), a suitable column was estimated to be 24” x 24”, with

- #10 or 10 - #11. (Note: Biaxial loading must be considered
for column forces in the transverse direction:)

4. Results of a frame analysis are given, and the example continues with
representative beam, column and joint design, using sizes and design
forces from this analysis. The frame analysis itself is not shown
since values can be obtained by computer or by any of the various
approximate methods.

Figure D-2. Continued.
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Figure D-2. Continued.
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Figure D-2. Continued.
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Figure D-2. Continued
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Figure D-2. Continued.
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DESIGN  FORCES FOR BEAMS - PROCEDURE

1. Obtain end M's and V’s at face of support. These are given on
p. 10 for Frame B.

2. Calculate and tabulate factored M’s and V’s.

a. Vertical load only

1. 4D + 1.7L

b. Vertical plus maximum increase due to seismic

1.4 (D+L+E) when E is in direction adding to -M

c. Vertical minus reverse loading due to seismic

0.9D + 1.4E when E is in direction giving +M

3. Calculate and tabulate max. pos. mom. away from the end. of the beam:

+M produces tension on
the bottom

+V is upward at the left
end of the beam

=  M + V 2

(wL>V>0)
2 w

4. Select maximum values for design. It is strongly recommended to sketch
moment diagrams, especially when spans and loads are irregular.

5* Checkerboard loading may govern, maximum positive moments.

DESIGN FORCES FOR COLUMNS

1. Obtain P, M, V at face

2. Calculate and tabulate

a. 1.4D
b. 1.4D+ 1.7L

of support. These are given on p. 10 for Frame B

factored M’s and P’s

c. 1.4(D+L+E) for E in direction adding to vert. load
d. 0.9D+l.4E for E in direction opp. to vert. load

Figure D-2. Continued
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Figure D-2. Continued.
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Figure D-2. Continued.
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Figure D-2. Continued.
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Figure D-2 Continued.
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Figure D-2 Continued.
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Figure D-2. Continued.
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Figure D-2. Continued.
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DESIGN EXAMPLE D-3

Steel Special Moment Resistinq Frame and Steel Braced Frame

Description of Structure. A three-story Administration Building with transverse
special moment-resisting frames and longitudinal concentric or eccentric braced
frames in structural steel, using non-bearing, non-shear, exterior walls (skin)
of flexible insulated metal panels. There are a series of interior vertical.
load-carrying column and girder bents in addition to the space frame. The
structural concept is illustrated on Sheets 2 and 3.

Construction Outline.
Roof:
Built-up 5 ply.

Metal decking with
insulation board.

Exterior Walls:
Non-bearing, non shear,
insulated metal panels.

Suspended ceiling. Partitions:
2nd & 3rd Floors: Non-structural removable

Metal decking with concrete fill. drywall.
Asphalt tile.
Suspended ceiling.

1st Floor:
Concrete slab-on-grade.

Design Concept. The transverse ductile moment-resisting frames are indepen-
dent of the longitudinal braced frames. The moment frames are designed to
Rw = 12; the concentric braced frames to RW = 8; the eccentric braced frames
to RW = 10. The metal deck roof system forms a flexible diaphragm; therefore
the roof loads are distributed to the frames by tributary area rather than by
frame stiffnesses. The metal deck with concrete fill system for the floors
form rigid diaphragms and the seismic loads are proportioned to the frames by
the frame stiffnesses.

Discussion. Because of the importance of drift of flexible frames, the
example shows several stages of design. Preliminary design to find sizes by
approximate methods, using different sets of forces for stress and drift.
The resulting trial sizes are then used in a computer analysis. (The frames
are simple enough to be calculated by hand, but the computer makes short
work of calculating design forces, frame period and drift). Final design
is discussed, and examples are given for modifications to the results of
the computer analysis for accommodating various stress and deflection cri-
teria with consistent sets of member sizes, period, design force, and drift.

Figure D-3. Steel ductile moment resisting space frame and steel braced frame.
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Figure D-3. Continued.
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DESIGN PROCEDURE

Example Page

A. GENERAL INFORMATION

1. Building Layout
2. Loads for Diaphragms

B. TRANSVERSE MOMENT RESISTING FRAMES

1. Frame Characteristics
2. Building Period
3. Lateral Forces
4. Distribution of Forces to Frames
5. Preliminary Design
6. Criteria for Final Design
7. Computer Input
8. Computer Output
9. Final Design - Drift

10. Member Stresses
11. Girder-Column Connection
12. Strong Column/Weak Beam

C. LONGITUDINAL CONCENTRIC BRACED FRAME

1. Lateral Forces
2. Vertical Forces in Members
3. Seismic Forces in Members
4. Member Sizes
5. Connections
6. Deflection
7. Final Period

D. LONGITUDINAL ECCENTRIC BRACED FRAME ALTERNATE

1. Design Procedure
2. Lateral Forces
3. Typical Beam Sizing
4. Preliminary Frame Member Sizing
5. Braced Frame Analysis
6. Final Member Sizing

1-3
5, 6

7
8

10
11

13-16
17
18
19
20

21,22
23
27

28
29
30

31-33
34-36
37-38

39

40
41
42

43-45
46

47-53

Figure D-3. Continued.
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Figure D-3. Continued.
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Figure D-3. Continued.
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FRAME CHARACTERISTICS

Gravity load: The middle frame will take twice as much
gravity loads as each end frame according to tributary area.

Seismic load: All three frames will have the same
proportions. Assuming the roof diaphragm is flexible, and
using the tributary area approach, the middle frame will take
half of the seismic load at the roof level while each end
frame will take one quarter. Assuming the floor diaphragms are
rigid, the third floor diaphragm will distribute some of the
lateral load that originates at the roof level from the middle
frame to the end frames; also, because the three frames have
equal stiffness, the rigid floor diaphragms will distribute
one third of the load that originates at each floor to each of
the three frames. The roof diaphragm is not fully flexible:
the middle frame will take something less than half and the
end frames something more than one quarter each of the roof
load. Also the floor diaphragms are not fully rigid: the end
frames will probably not get a full third of the load. The
example assumes that the middle frame keeps full half of the
roof load and one third of the floor loads: what is probably
an excessive load from the roof tends to offset what is
probably a deficient load from the floors.

Figure B-3. Continued.

D-79



TM 5-809-10/NAVFAC P-355/AFM 88-3, Chap 13

FRAME CHARACTERISTICS - cont’d

Because of accidental torsion the end frames will take some
torsional forces below the third floor.

The total seismic forces being nearly the same in all frames,
the design will be governed by the middle frame which takes
twice as much gravity load as each end frame, and the design
example will be concerned with this frame, i.e. , the
transverse frame on Line 4.

BUILDING PERIOD

In order to calculate lateral forces for design of the frame,
the building period is needed. SEAOC provides two methods,
Method A and Method B, and this example will make use of a
third method, the Drift Limit Method.

Method A provides a simple formula based on the height of the
building and the structural system, so it could be used as a
first approximation for a preliminary design. Using Ct =
0.035 for steel frames and hn = 34 feet, SEAOC eq 1-3 provides
T = 0.035 (34)3’4 = 0.49 seconds. Method A is intentionally
conservative; it tends to be a lower bound. This is
particularly noticeable with steel moment frames. It would be
desirable to use a longer period in order to reduce the design
forces in a more realistic representation of the building;
however this must be done with care because if the period is
too long the preliminary design will be undersized. The code
provides a limit on T by not allowing a value of C less than
80%’ of the value obtained by using T from Method A.

Method B is an accurate method, but it requires frame
deflections which can be calculated only after a preliminary
design is established.

The Drift Limit Method provides a period based on the
assumption that the frame is so limber that it is at its
maximum allowable deflection under code–prescribed loads. This
provides an upper–bound period in contrast to the lower-bound
period of method A. The period of a frame can be approximated
by the formula is the lateral roof
displacement for the peak roof acceleration an. For the

Figure D-3. Continued.
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BUILDING PERIOD - cont’d

equivalent static force procedure, is the roof displacement
due to the prescribed forces, and an is approximately equal to
(1.7 v/w)g, or (1.7ZIC/RW)g, where C = 1.25S/T

2/3 and g is the
acceleration due to gravity. The formula can be written

For T > 0.7 sec., the story drift limit is 0.03/RW. If the
deflected shape is a straight line,     = 0.030 hn/RW. But it is
not likely that the deflected shape will be a straight line.
Let us assume that the average story drift is 0.80 times the
maximum story drift; then,   = 0.024 hn/RW and

For T < 0.7 sec., the story drift limit is 0.04/RW and

for T < 0.7 sec.

The example will make use of this method. With hn = 34, Z 
=

0.4, I = 1.0, and S = 1.5, T = 0.83 sec. (T > 0.7 sec.)

Period calculations, being based on framing members, are
-bare-frame- periods, that is, they do not account for the
participation of nonseismic frames and nonstructural elements.
For force calculations, the calculated period will be reduced
in order to account for the stiffening effects of these frames
and other elements. For this example, we will divide the drift
limit period of 0.83 sec. by a factor of 1.2, a number
obtained by judgment.

The design lateral forces will be based on a "whole building"
period of T = 0.83/1.2 = 0.69 sec.

Note that with TA = 0.49 see, CA = 2.75. With T = 0.69 see,

c = 2.40 which is greater than 0.80 x 2.75 = 2.20.
Figure D-3. Continued
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Since the roof diaphragm is relatively flexible, the roof forces are distrib-
uted by tributary area.

The 2nd and 3rd floor diaphragms distribute the floor forces to the frames
according to their relative rigidities.

The transverse frames on lines 1, 4 and 7 are alike, and for preliminary
design we may take their rigidity proportional to

The longitudinal frames on lines A and C have a rigidity based on prelim-
nary trials:

Use Rel. K1 = 1 and Rel. K A =
5 0 0 0 = 8.91, say 9
5 6 1

Because of symmetry there is no “calculated” torsion. The “accidental”
torsion is the story force, F, times the nominal eccentricity of 5% of the
max. building dimension: perpendicular to the direction of force under
consideration:

Figure D-3. Continued
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Figure D-3 Continued
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Figure D-3. Continued.
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CRITERIA FOR FINAL DESIGN – FFAME 4

1. BUILDING PERIOD

a. For calculating frame design forces, use the whole
building period estimated as T = 0.69 sec. (P. 9)

b. For calculating drift, use the bare frame period. This
will be obtained from the computer analysis or from the
use of Method B. Method B will give a frame period of
0.83 sec.

2. DESIGN FORCES

AS indicated item 1a above, use the building period of T =

0.69 sec. and the associated base shear of 143k and frame
shear of 55.7k (p. 12). This is the input for the computer
analysis (P. 18).

3. DEFLECTIONS

The deflections obtained from this analysis, based on whole
building forces, will be modified for the calculation of drift
under bare–frame forces (P.20) .

Figure D-3. Continued.

D-89



TM 5-809-1O/NAVFAC P-3551AFM 88-3, Chap 13

Figure D-3. Continued.
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Figure D-3. continued.
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FINAL DESIGN - CONT. FRAME 4 - DRIFT

Before proceeding with the detailed final design, we will
check the drift.

From the computer analysis, the maximum drift is 0.0395 ft.
(p. 19). This is based on the whole building period T = 0.69
sec. and the frame shear of 143k (p. 10) .

For the drift check, use the deflection associated with the
bare frame period T = 0.83 sec. (p. 9 ).

c = (1.25 X 1.5)/(0.83)2/3 = 2.12
Cs = ZIC/RW = (0.4 X 1.0 X 2./2)/12 = 0.071

Base Shear = (0.071 x 1789 = 127k

Multiply deflections from frame analysis by the ratio
127/143 = O.89

Maximum drift = 0.89 x 0.0395’= 0.035

Allowed drift = (0.03/12)x12’ = 0.030’ (T = 0.83 > 0.7)

The frame drift is 17% over the limit. It should be stiffened.
There are three options:

(1) increase the member sizes
(2) use more than three frames
(3) make the roof diaphragm rigid

We will change the interior column to W14X68 and proceed with
the detailed design. Further changes may be necessary, and we
will make a final drift check after other checks are
completed.

Note that the assumed condition of fixed columns bases is
difficult to achieve. If the bases are not fully fixed, the
frame will be more flexible than assumed, and the frames would
have to be further stiffened.

Figure D-3. Continued.
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Figure D-3. Continued.
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Figure D-3. Continued.
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GIRDER-COLUMN CONNECTION

Girde r data W18X60 Gr. 36

Girder strenath in flexure

This is M = ZFY (SEAOC 4C2)
This is the same as plastic
given in the in the AISC

TM 5-809-10/NAVFAC P-355/AFM 88-3, Chap13

moment MP

Plastic Design Selection Table:

Girder stabilitv W18X60

b/2tf = 5.44 <  = 8.66 (SEAOC 
d / tW 

= 43.5 <        68.7 (AISC Ch.N)

Requirements for girder-column connection

SEAOC 4F1a requires development of the lesser of the strength
of the girder in flexure (MS) and the moment associated with
the panel zone shear strength. The requirement of this manual
is to develop the strength of the girder in flexure. This is
accomplished according to SEAOC 4F1b.

Girder flange connection to column

Provide full butt-weld connections of the flanges to the
columns . (SEAOC 4F1b(l))

Girder web connection to column

Design shall be based on the gravity loads plus the seismic
load associated with compliance with SEAOC 4F1a. (SEAOC
4F1b(2))

Vert. shear: VG = (2.38+0.67)24'/2 + (171-112)/24'= 39.1
Seismic shear = 2MS/L = 2x369k'/22.83' =32.3

Design V = 71.4k

The method of developing the flexural capacity of the web
depends on the relative size of the flanges, i.e.,
whether the flange strength (btf(d-tf) x FY) is greater or
less than 70% of the total strength (0.7ZXFY)

Figure D-3. Continued
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GIRDER–COLUMN CONNECTION

Girder web connection to column – cont.

b = 7.555”; tf = 0.695”; d = 18.24”: ZX = 123in
3

For 70% of entire section:
0.7 ZX = 0.7 x 123 = 86in

3

For the flanges alone:
btf(d-tf) = (7. 555’’ )(0. 695’’) (18.24-0 .695”) = 92.12 in3

As 92.12 > 86, the connection can be made by welding
and/or high–strength bolting according to (SEAONC
4F1b(2) (a)

If the chosen girder had had flange strength less than
70% of the total strength, the conventional web
connection would have had to be supplemented with
additional welding (to the web at the top and bottom of
the shear tab on the column) according to SEAOC 4F1b(2) (b).

Girder web connec tion desiqn

Assume 1“ A325–SC bolts are selected,

Use 4 bolts: Bolt Strength, V = 4 x 1.7 x 13.7
= 93.2k > 71.4

Shear plate:

Z = 0.3125 (12.5)2/4 = 12.2 in3

f = 71.4k X 2"/ 12.2 = 11.7 ksi < 36
v = 71.4/(0.3125 x 12.5) = 18.3 ksi < 0.55 x 36 = 19.8

Figure D-3. Continued.
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GIRDER-COLUMN CONNECTION

Girder-colu mn Pane1 zone –– Sample talc. for Joint B

Pane 1 zone Strength (SEAOC 4F2)

This is the moment corresponding to the development of the
panel zone shear strength. This moment shall be the moment
due to gravity loads
not exceed 0.8 times

Calculate moment arm
d-tf = 18.24-0.

Pane 1 zone shear:

plus 1.85 times seismic loads but need
the summation of MS at the beams.

between girder flanges:
69 =17.55”

Gravi tv + 1.85 x seismic

One side of column, with D + L:
MD+L = 171; 1.85 ME = 1.85 X 110 = 204

Other side, with D:
MD = -116; 1.85 ME = 204

Sum of girder moments =

0 . 8  MS

Sum of girder moments =

Use panel zone strength

171 + 204 -116 + 204 = 463

2 x 0.8 X 369 = 590 k’

associated with 463 k’ .

(See SEAOC 4F10 for Drift calculations.)

Shear

One side, top flange force = (171+204)(12)/17.55"
= 256 K

Other side, top flange force = (-116+204)(12)/17.55"
= 6 0 k

Column shear above joint:

sum girder moments = 463
column height = 4.0 + 5.5 = 9.5’
column shear = 463 / 9.5 = 49 k

Shear = 256 + 60 - 49 = 267 K

Figure D-3. Continued.
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GIRDER-COLUMN CONNECTION -- Joint B -- cont.

Panel zone thickness

For thickness, t’, the panel

Vj = 0.55 FYdt’

where t’ is the effective
combined thickness, t, of

zone can develop

(modified SEAOC formula 4-1)

thickness which consists of the
the web and doubler plate

modified by the contribution of the the column; flanges
(see below)

For W14 x 68 Grade 50 column
Vj = 0.55 (50) (14.04)t’ = 386t’ kips

For joint shear of 235 k,
req’d t’ = 267/386 = 0.69"

t’ = t [1 + 3bctcf

2/dbdct]
= t [1 + 3(10.03)(0.72)2/(18.24)(14 .04)t]
= t [1 + 0.061/t] = t + 0.061

0.69” = t + 0.06
t = 0,63"

For column web thickness of 7/16” req’d thickness of doubler
plate = 0.63" – 7/16 = 0.19"

Use a 1/4” minimum Grade 50 doubler plate, or consider
using a column with a thicker web.

Check SEAOC 4F2b:

d z= d - 2tf = 18.24 - 2 x 0.695 = 18.10 (from girder)
Wz = 14.04 - 2 x 0.720 = 12.50 (from column)

(dz + wz) / 90 = 0.34 < 0.63” OK

Continuitv plates

Provide continuity plates per SEAOC 4F2c

Figure D-3. Continued.
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FINAL DESIGN - CONT. - FRAME 4 - STRONG COLUMN/WEAK BEAM

Σ Zc  ( FYC- fa) / Σ zbfyb
> 1 (SEAOC 4F5)

Interior column, second floor (Joint “b”, p. 13)
W14X68: A = 20.0. ZC 

= 115
PD+L+E= 166
fa=166/20.0 = 8.30
The girder is W18X60, with Zb = 123

2(115) (36-8.30)/2(123) (36) = 0.72 which is < 1

Change to Grade 50 steel (make both columns Gr. 50).

2(115)(50-8.3)/2(123)(36) = 1.08 which is > 1

Exterior column, second floor (Joint “ a“ )
W14x48: A = 14.1, ZC = 78.4
PD+L+E= 105 (p.14)
fa = 105/14.1 = 7.45 ksi
The girder is W18X60, with Zb = 123

With one column above the joint and one below,

2(78.4)(50-7.45)/123(36) = 1.50 which is > 1

For both columns fa < 0.4(36) = 14.41; therefore, the COlumnS
are not required to be stronger than the beams: however,
strong column/weak beam design is Strongly recommended.

Figure D-3. Continued.

D-99



Figure W. Continued

D - 1 0 0



TM 5-809-10/NAVFAC P-355/AFM 88-3, Chap 13

Figure D-3. Continued.
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Figure D-3 Continued.
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Figure D-3. Continued
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Figure D-3. Continued.
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Figure B-3. Continued.
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LONGITUDINAL DIRECTION: ECCENTRIC BRACED FRAMES

This section of the example illustrates the use of eccentric braced frames
as an alternate to the concentric braced frames used in the previous
section of the example. It should be noted that EBF’s would not be an
economical choice for this building because the seismic demands are
relatively low. The EBF scheme is not to be compared with the CBF scheme
for costs for this building: the EBF scheme is presented here only to
illustrate the design procedure.

AISC formulas are from Chapter N of the ASD Manual, 9th edition.

DESIGN PROCEDURE
Example Page #

A. LATERAL FORCES

l. Base shear . . . . . . . . . . . . . . . . . . . .  . 41
2. Story forces and shear . . . . . . . . . . . . . . . . . 41
3. Horizontal distribution of lateral forces . . . . . . . 41

B. TYPICAL BEAM SIZING

l. Typical roof beam . . . . . . . . . . . . . . . . . . . 42
2. Typical floor beam . . . . . . . . . . . . . . . . . , . 42

C. PRELIMINARY FRAME MEMBER SIZING

1. Beams . . . . . . . . . . . . . . . . .  . . . . . . 43–44
2. Braces . . . . . . . . . . . . . . . . . .  . . . . . . 45
3. Columns . . . . . . . .  .  . . .  . . . . . . . . . 45

D. BRACED FRAME ANALYSIS . . . . . . . . . . . . . . . . . . 46

E. FINAL MEMBER SIZING

l. Roof beam . . . . . . . . . . . . . . . . . . . . ..47-48
2. Floor beams . . . . . . . . . . . . . . . . .  . . 49–50
3. Braces . . . . . . . . . . . . . . . . . . . . . . . . 51–52
4. columns . . . . . . . . .  .  .  . . . . 53

Figure LA-3. Continued.
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Figure LL3. Continued.
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LONGITUDINAL DIRECTION: ECCENTRIC BRACED FFWVIES

This section of the example illustrates the use of eccentric braced frames
as an alternate to the concentric braced frames used in the previous
section of the example. It should be noted that EBF’s would not be an
economical choice for this building because the seismic demands are
relatively low. The EBF scheme is not to be compared with the CBF scheme
for costs for this building: the EBF scheme is presented here only to
illustrate the design procedure.

AISC formulas are from Chapter N of the ASD Manual, 9th edition.

DESIGN PROCEDURE
Exanmle Pa~e #

A. LATERAL FORCES

1. Base shear . . . . . . . . . . . . . . ,. . , . . . . . 41
2. Story forces and shear . . . . . . . . . . . , . . . . . 41
3. Horizontal distribution of lateral forces . . . . . . . 41

B. TYPICAL BEAM SIZING

l. Typicalroofbeam  . . . . . . . . . . . . . . . . . . . 42
2. Typical floor beam . . . . . . . . . . -. . . . . , . . 42

C. PRELIMINARY FRAME MEMBER SIZING

I.Beams . . . . . . . . . . . . . . . . . . . . . . . . 43-44
2. Braces . . . . . . , . . . . . . . . . . , . . . . . . . 45
3. columns . . . . . . . . ● . . . . . ● ... . . . . . . 45

D. BRACED FRAME ANALYSIS . . . . . . . . . . . . . . . . . . . 46

E. FINAL MEMBER SIZING

l. Roof beam . . . . . . . . . . . . . . . . . . . . . . 47-48
2. Floor beams . . . . . . . . . . . . . . , . , . . . . 49–50
3. Braces . . . . . . . . . . . . . . . . , , . . . . ,.51–52
4. columns . . . . . . . . . . . . . . . . .. . . ..O . 53

Figure W3. Continued.
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A. LATERAL FORCES

1. Base shear

V = (ZIC/RW)W

Z = 0.4, I= 1.0, RW =

T = Ct(hn)
3/4 = 0.03 x

T <0.70 see,

C = (1.25 S) / T2/3 =

10, s = 1.5, Ct = 0.03, hn = 34 ft.

(34)3/4 = 0.422 sec.

therefore Ft = 0.

(1,25 X 1.5) / (0.422)2/3 = 3.33

C > 2.75, therefore use C = 2.75

C/RW = 2.75/10 = 0.275 > 0.075

W = 1789 kips

V = (0.4x 1.0 X 2.75 / 10) W= 0.11 W=
= 197 kips.

2. Story forces and shears

Level wj h j w jh j wh/ Σ wh    Fj

R 375 34 12,750 .353 70

3 707 22 15,554 .431 85

2 707 11 7,777 .216 42

3.

At

1789 36,081

0.11 X 1789

V

70

155

197

Horizontal distribution of lateral forces

the flexible roof diaphragm, the four braced frames each
take 0.25 times the story force because of equal tributary
areas; at the rigid floor diaphragms, the frames each take
0.30 times the story force because of equal stiffness and
consideration of accidental torsion.

Figure D-3. Continued.
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B. TYPICAL BEAM SIZING

1. Typical Roof Beam

W12X 19 d = 12.2” S = 21.3 in3

t w= 0.235” I = 1.30 in4

Z = 24.7 in3

1 = 32 ft.

W = 6’ X (26 DL + 20 LL psf), or 0.276 k/ft.

M = wl2/8 = 35.3 k-ft.

fb = M/S = 19.9 ksi

∆ LL= (20/46) 5wl
4/384EI = 0.75 in. = 1/510 OK

VP < 0.55FYdtw = 56.8 kips ASD formula N5-1

2. Typical Floor Beam

W16X36 d = 15.9" S = 56.5 in3

tw = .295” I = 488 in4

Z = 64 in3

1 = 32 ft.

w = 6’ x (75 + 50), or 0.750 k/ft.

M = wl2/8 = 96 k-ft.

fb = M/S = 20.4 ksi

∆ LL = (50/125) 5wl4/384EI = .54 in. = 1/711 OK

Vp < 0.55FYdtw = 92.9 kips

Figure D-3. Continued.
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C. PRELIMINARY FRAME MEMBER SIZING

1. Frame loads
Load factor is 1.3 (ASD Sect. Nl
Distribution factors are 0.25 (roof) and 0.30 (floors)

1.3 (0.25 X 70) = 22.8 kips

1.3 (0.30 X 85) = 33.2 kips

1.3 (0.30 X 42) = 16.4 kips

Link beam shears

(Vp) R
= (22.8k

(Vp) 3
= (56.0k

(Vp) 2
= (72.4k

associated with this factored frame loading:

x12’) / 32’ = 8.55k
x 11’) / 32’ = 19.3k
x 11’) / 32’ = 24.9k

2. Beam sizes

Size is governed
rotation limit.

by link-beam strength with a link-beam
This example chooses the criterion of 0.06

radians for a clear length of 1.6 MS/VS or less, with MS = ZFY

and VS
= 0.55FYdtw (SEAOC 4H2a and 4H3a).

W12X26 at Roof:

MS = 112 k’ (obtained as MP in the ASD Plastic
Design Selection Table)

V S 

= 0.55 X 36 X 12.22 X 0.230 = 55.6 kips

Clear length must be < 1.6 x (Ms/Vs)= 3.2’ > 3.0

W16X36 at 3rd: (W16X36 also at 2nd)

Ms = 192 k'
Vs = 92.6 k

Clear length must be < 1.6 x
Figure D-3. Continued

(Ms/Vs) 
= 3.3’
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PRELIMINARY FRAME MEMBER SIZING - CONT.

Design braces and columns for forces associated with yield of
the following link beams:

R: W12X26 VS = 55.6 kips) {Note: These beam sizes
{are larger than required

3: W16X31 VS = 92.6 kips) {for the low seismic forces
{at this example. Beam

2: W16X31 Vs = 92.6 kips) {sizes were selected to
{match typical framing
{members.

Following are the lateral forces associated with yielding of
the link beams:

12' x FR / 32'= 55.6 kips

FR = 148 kips

11’ x (FR + F3) / 32’ = 92.6 kips

F3
= 121 kips

F 2 =  0

Assume forces enter braced bay equally from both sides.

Figure D-3. Continued.
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PRELIMINARY FRAME MEMBER SIZING – CONT.

3. Preliminary brace sizes

3rd story:

* brace length = 18.8’
* 1.5 is the load multiplier per SEAOC 4H12
* 148/2 is the horiz. component of the brace force
* 18.8'/14.5' is the geometric multiplier for the axial

force

Brace design force = 1.5 X (148k/2 X 18.8/14.5) = 144 k
For use of the table in the AISC manual, the equivalent
allowable axial force is

144k/1.7 = 85k

Use TS 7 x 7 x 1/4 Pall = 115 kips

2nd and 1st stories: brace length = 18.2'

F B R = 1/1.7 x 1.5 x (270/2 kips x 18.2'/14.5') = 150 kips

Use TS 8 X 8 X 5/16 P a l l = 186 kips

4. Preliminary column sizinq

Size for first story; use that size above

1=11'; Trib. A = 32’ x 12’ = 384 sq. ft.

PD+L = 384 (26 + 0 psf)
+ 2 X 384 X (75 + 40 psf)
+ 32’ X 34’ x 5.3 psf (for the wall)

= 104 kips

With a load multiplier of 1.25 per SEAOC 4H13,

PE = 1.25 x [(148kips x 23’ + 122 x 11)/32']

= 185 kips

Σ = 289 kips; Equiv. allow. load = 289/1.7 = 170

Use W14X61 Pall = 322 kips

Figure D-3. Continued.
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D. BRACED FRAME ANALYSIS

Computer input
LOAD CASE I : DL + LL

(wR) D
= 3’(0.026ksf)
= 0.078 k/ft

(WF) D+L
= 3’ (0.075 +0.050)
+ 11’ (0’. 0053) wall

= 0.433 k/ft

LOAD CASE II : Seismic

(at link yield)

E = 29 x 103 ksi G = 11.6 x 103 ksi

Column bases are pinned; all other joints are rigidly
connected.

Member Properties:

Member Section A in2

AV in
2 I in4

Roof beams W12x26 7.65 2.81 204

Floor beams W16x36 10.6 4.69 448

Roof braces TS 7x7xl/4 6.59 --- 49.4

Floor braces TS 8x8x5/16 9.36 --- 90.9

columns W14x61 17.9 --- 640
Figure D-3. Continued.
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FINAL MEMBER SIZING

Roof Beam A = 7.65 tf = 0.38
bf = 6.5 d = 12.2

w12X26 rX = 5.17 tW = 0.23
rY = 1.51

a. Link beam stability:

b f/ 2 tf = 8.55 < =8.67 (SEAOC 4H1)
d/tW

= 53.0 <  =107 (ASD B5 . 1)

b.

c.

Link beam strength:

Assumed design forces at the link:

VE = vs
= 5 6 k V D= 0

ME = 1.5'xVs
= 8 4 k ' MD= 0

P E= 0 P D= 0

V s = 55.6 k
M S = 112 k’

Using beam flanges only, since link beam strength is
governed by shear,

Ms* = t fb fF Y(d–tf/12 
= 87.6 k’ > 84 OK

Beam strength (check as columns per ASD N4).

Assumed design forces outside of link:

v E: OK by inspection with link
M E

= 69.4 k’*
PE = 74 k (bm.axial @ link yield – see comp.out.)
(MD)u= 1.3 x 0.9* = 1.2 k’ Mu = 69.4 + 1.2 = 70.6
(PD)u= 1.3 X 0.4 = 0.5 k Pu = 74 + 0.5 = 74.5

Unbraced lengths:

lx 

= 14.5’
lY = 7.3’ (brace

(kl/r)X = 33.7
@ midspan) (kl/r)Y = 58

F a = 17.6 ksi

(Fe')X
= 129 ksi

from computer analysis
Figures D-3. Continued.
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FINAL MEMBER SIZING - cont. Roof Beam - cont.

C. Beam strength - cont.

PCR = 1.7AFa = 229 k
Pe

(ASD formula N4-1)
= 23/12 A(Fe')X = 1891 k

Py

(See N4-1)= AFy = 275 k

Mm = [1.07-

Formula N4-2:

74.5/229 +

= 0.33 +

Formula N4-3:

74.5/275 +

Pu/PCR + CmMu/(1-Pu/Pe)Mm < 1.0

(0.85 x70.6 )/[ (1-(74/1891)) X 108]

0.58 = 0.91 OK

Pu/PY + Mu/(1.18 MP) < l.0; Mu < Ms

70.6/(1.18xl12)

= 0.27 + 0.53 = 0.80 OK

and 70.6 < 112 OK

d. Link beam rotation:

e. Link beam web:

v
code < 0.8 Vs (SEAOC 4H4 )

0.8 VS = 44.5 k

vcode
= (0.25x70) X 12 / 32
= 6.56 k OK

Figure D-3. Continued.
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E. FINAL MEMBER SIZING – cont.

2. Floor Beam A = 10.6 tf = 0.43
b f = 7 d = 15.9

W16x36 rX = 6.51 tW = 0.295
rY = 1.51

a. Link beam stability:

b f/ 2 tf = 8.14 < = 8.67
d/tw

= 53.9 <        = 107

b. Link beam strength:

Assumed design forces at the link:

VE = VS
= 92.9 k VD + L  

= 0
ME = 1 . 5 ' x VS = 139 k' MD+L 

= 0
P E= 0 P D+L = o

V S = 92.9 k
M S = 192 k’
M*S

= tfbfFy(d-tf/12 
= 140 > 139 OK

c. Beam strength

Assumed design forces outside of link:

VE: OK by inspection with link
ME = 117 k’*
P E = 135 k
(MD+L)u = 1.3 x
(PD+L)u

= 1.3X
6* = 7.8 k'
5* = 6.5 k

Unbraced lengths:

lx = 14.5’
ly = 7.3’ (brace @ midspan)

F a = 17.6 ksi

(Fe)x
= 205 ksi

Mu = 117 + 7.8 = 125
P“ = 135 + 6.5 = 141

(kl/r)X = 26.7
(kl/r)Y = 57.6

* from computer analysis
Figure D-3. Continued.
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FINAL MEMBER SIZING - cont. Floor Beam - cont.

c. Beam strength - cont.

PCR = 1. 7AFa = 317 k
Pe = 23/12 A(Fe')X = 4165 k
Py

= A Fy = 382 k

M m= [1.07 - MS = 184 k' < MS

Pu/PCR + CmMu(1-Pu/Pe)Mm < 1.0

= 0.45 + 0.59 = 1.04 Say OK

Pu/PY + Mu/(1.18 MS) < 1.0; Mu < MS

= 0.37 + 0.55 = 0.92 OK

and 70.6 < 112 OK

d. Link beam rotation at 3rd Floor:

Θ at 3(RW/8) x      code < 0.06 rad.

c o d e
= [(0.25x70)+(0.30x85)]/(148+122)

x 0.375"*

= 0.0597"

3(RW/8) x       code = 3.75     code = 0.224”

Θ = (1 + 2a/e) (0.224)/h
= 0.018 radians < 0.060 rad.

e. Link beam web:

Vcode < 0.8 VS

0.8 VS = 74.3 k

V code
= [(0.25x70 + 0.30x85 + 0.30x42) X 11] / 32
= 19.1 k OK

Figure D-3. Continued.
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E. FINAL MEMBER SIZING - cont.

3. Brace size - 3-R A = 7.59 in2

FY = 46 ksi
TS 8x8xl/4 b = d = 8 in.

t = 0.25 in
rX = rY = 3.15 in.

Assumed design forces:

PE = 1.5 x 99* = 149 k
ME = 1.5 x 15* = 22.5 k’

(PD)u 

= 1 . 3 x 1 k * = l . 3 k Pu = 149 + 1.3 = 150
(MD)u = 0 Mu = 22.5 + O = 22.5

Unbraced lengths:

lx = lY 

= 18.8’ (kl/r)X = (kl/r)Y = 72

Fa = 20.7 ksi

(Fe')X = 28.8 ksi

* from computer analysis

PCR = 1.7AFa = 267 k
Pe = 23/12 AFe' = 419 k'
Py = AF = 349 k
Z = bd2/4 -b1d1

2/4 = 22.5 in3

MS = ZFY = 86.4 k’

MS = 79.1 k’ < MS

Pu/PCR + CmMu/(l-Pu/Pe)Mm < 1.0

= 0.56 + 0.27 = 0.83 OK (Use Cm = 0.6)

Pu/PY + M/(1.18 MS) < 1.0; M < MS

= 0.43 + 0.225 = 0.65 OK

Figure D-3. Continued
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E. FINAL MEMBER SIZING - cont.

4. Brace size - 2-3 and 1 - 2 A = 11.1 in2

Fy = 46 ksi
TS 8x8x3/8 b = d =8 in.

t = 0.375 in
r X= ry = 3.09 in.

Assumed design forces:

PE = 1.5 x 171 = 257 k
ME = 1.5 x 22 = 33 k’

(PD+L)u = 1.3 x 6.ok*=8k P u
= 257 + 8 = 265

(MD+L)u = 1.3 x 0.6 k* = l k’ Mu = 33 + 1 = 34

Unbraced lengths:

1X = lY = 18.2’ (kl/r)X = (kl/r)Y = 71

Fa = 20.9 ksi

(Fe')X = 29.6 ksi

* from computer analysis

PCR = 1.7AFa = 394 k
Pe = 23/12 AFe' = 630 k’
P = AFy = 511 k
Zy

= bd2/4 -b1d1

2/4 = 32.7 in3

MS = ZFY = 125 k’

Pu/PCR + CmMu/(l-Pu/Pe)Mm < 1.0

= 0.67 + 0.31 = 0.98 OK (Use Cm = 0.6)

P u/ Py + M/ (1.18 MS) < 1.0; M < MP

= 0.52 + 0.23 = 0.75 OK

Figure D-3. Continued.
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E. FINAL MEMBER SIZING - cont.

5. Column size - 1-2 A = 15.6 in2

b f= 8
W14X53 t“ = 0.37

z = 87.1
rX = 5.89

in. d = 13.9 in.
in. tc  = 0.66 in.
in3

in. ry = 1.92 in.

Assumed design forces:

PE = 1.25 X 139 = 174 k
ME = 1.25 X 15 = 18.8 k’

(PD+L)U = 1.3 X 104 k* = 135K Pu

(MD+L)U = 1.3 X 3.7 k* = 4.8 k’ Mu

Unbraced lengths:

lx= lY = 11’ (kl/r)X = 22
(kl/r)y = 69

F a = 16.5 ksi

(Fe')X

= 309 ksi

* from computer analysis

PCR = 1 . 7 A Fa 

= 438 k
Pe = 23/12 AFe’ = 9240 k’
Py = AFy

= 562 k
M S = ZFY

= 261 k’

Pu/PCR + CmMu/(1-Pu/Pe)Mm < 1.0

= 0.71 + 0.06 = 0.77 OK (Use

Pu/PY + M/(1.18 MS) < 1.0; M < MP

= 174 + 135 = 265
= 18.8 + 4.8 = 24

Cm = 0.6)

= 0.55 + 0.08 = 0.63 OK
Figure D-3. continued.

D-125



TM 5-809-10/NAVFAC P-3551AFM 88-3, Chap 13

DESIGN EXAMPLE D-4

Dual Bracing System With Concrete Frame

Description of Structure. A two-story Office Building in Zone 4 with a complete
reinforced concrete vertical load-carrying space frame. The lateral forces are resisted by
a dual system consisting of concrete special moment resisting frames and concrete shear
walls. The structural concept is illustrated on Sheet 2. The East-West direction is
considered.

Construction Outline:
R o o f : Exterior Walls:

Built-up, 5-ply. Bearing Walls in concrete
Concrete joists and girders. and non-bearing non-shear

Suspended ceiling. insulated metal panels.

2nd &  3rd Floors: Partitions:
Concrete joists and girders. Non-structural removable
Asphalt tile. drywall, except concrete
Suspended ceiling. as structurally required.

1st Floor:
Concrete slab-on-grade.

Design Concept: The structure is a dual system meeting SEAOC 1D6d, and it qualifies for
an RW-factor of 12 as follow: (1) the SMRF is designed to resist not less than 25 percent of
the prescribed lateral forces; (2) the shear wall and the special frame systems are designed
to resist the total prescribed lateral forces in proportion to their relative rigidities. In this
example it is assumed that the rigidity of the frame system is negligible when compared
to the wall system. (Compare stiffness as proportional to the third power of the width of
one element 143 for a column is much less that 1203 for a wall.) Therefore, the wall system
is designed for 100 percent of the base shear and the frame system for 25%, The roofs and
floors form rigid diaphragms, and the seismic loads to the frames are proportioned
according to their stiffnesses and loads to the walls according to theirs. The building is
assumed to be symmetrical about both axes so that only accidental torsion is involved.

Discussion. Vertical and lateral forces are pre-computed. (See Example A-5 for a typical
computation.) The shear walls in the south wall (Line D) are designed for the given lateral
forces. The seismic frames would be designed for 25% of these forces, using the methods
of Example A-2. Deformation compatibility is investigated for the nonseismic frames.

Materials.  Conc. fc'= 3,000 psi; reinf. steel fY = 60,000 psi.

Figure D-4. Dual bracing system.
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FRAME PROVISIONS

The two interior
resisting frames
See Example A-2.
shear walls that
ity (SEAOC lH2d)

frames (Lines B and C) will be designed as special moment
to carry 25% of the total required lateral force.
This example will deal only with Lines A and D which have
carry 100% of the lateral force. Deformation compatibil-
must be investigated for the vertical load-carrying

frames on Lines A and D (see p. 11).

As an alternate, the interior frames could be designed for vertical load
only (with an investigation for deformation compatibility), and the lateral
forces would be carried by ductile moment resisting space frames on Lines A
and D. In these frames there is a choice concerning the columns on Lines 2
and 7: the columns may be treated as columns with adjacent girders of 10’
span, or they may be treated as boundary members for the shear walls. In
the latter case, the girders must still be designed, together with the col-
umns, for the actual 10’ spans, but they must also be designed to span 20’
from 1 to 3 and from 6 to 8 in case the shear walls and boundary members
fail.

Figure D-4. Continued.
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Figure D-4. Continued
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Figure D-4. Continued.
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figure D-4. Continued
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SHEAR WALL DESIGN - CONT'D

VERTICAL BOUNDARY ELEMENT AT LINE 2

Check the requirement for confined boundary elements. Consider, for example, Line 2 of
shear wall 2-3 on Line D.

t=9”, D= 10’
A = tD = 9/12 (10) = 7.5 sq. ft.
S = tD2/6 = 9/12 (10)2/6 = 12.5 ft3

M=l.4x1224 k’=1714k’
P = 1.4(D + L) = 1.4 [ (29.6 +68.9) + (2.0+9.25)] = 154k

f M = M/S = 1714/12.5 = 137 ksf
f R = P/A = 154/7.5 = 20.5 ksf
f =  fM + fR = 157.5 ksf, or 1094 psi

A confined boundary element is required if f <0.2 fc'

0.2 fc' = 0.2 (3,000 psi) = 600 psi
f >600, therefore, a boundary element is required.

Design the boundary element per ACI 21.5.3, The need for confinement applies also to the
boundary element on Line 3. Special confinement maybe discontinued when f < (0.15 fc'
= 450 psi).

Figure D-4. Continued.
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Figure D-4. Continued.

D-133



TM 5-809-10/NAVFAC P-355/AFM 88-3, Chap 13

Figure D-4. Continued.
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Figure D-4. Continued.
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Figure D-4 Continued.
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Deformation Compatibility, (3Rw/8) Times Deflection. In this example, the
shear walls (with vertical boundary members) on Lines A and D and the frames
on Lines B and C are designed to resist the seismic forces. The framing mem-
bers on Line A and D (other than the shear wall vertical boundary members)
are not part of the lateral force resisting system; therefore, they will be
investigated for deformation compatibility (SEAOC lH2d). When the lat-
eral forces shown on page 4 are applied to the structure, the lateral dis-
placement is 0.071 inch at the roof and 0.027 inch at the floor level. The
framing members on Lines A and D must be investigated for 3(12)/8 = 4.5.
times these displacements. Refer to SEAOC Commentary, p. 42-C.
Also, see Design Example D-7, p.9 and 10.

The resulting member forces are combined with the forces due to vertical
gravity loads. In this example, the resulting stresses are within the
strength of the members and the P-A effects are negligible. Therefore,
the requirements for deformation compatibility are satisfied.

Figure D-4. Continued.
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DESIGN EXAMPLE D-5

Dual Bracing System With Steel Frame

Descrip tion of Structure. A three-story Administration Building in
Zone 4 with dual bracing system consisting of a special moment
resisting frame in structural steel and concrete shear walls. The
structural concept is illustrated on Sheets 2, 3, and 4.

Construction Outline
Roof:

Built-up, 5-ply
Metal decking with

insulation board.
Suspended ceiling.

2nd & 3rd Floors:
Metal decking with

concrete fill.
Asphalt tile.
Suspended ceiling.

1st Floor:
Concrete slab–on–grade.

Design Concept. The building has

Exterior Walls:
Bearing Walls in concrete

and non-bearing, non-shear
insulated metal panels.

Partitions:
Non-structural removable

drywall, except concrete
as structurally required.

a complete steel space frame
capable of carrying all gravity loads. Lateral loads are resisted
by a dual system. Concrete shear walls are designed to carry 100%
of the prescribed lateral loads. (The transverse walls are on lines
B, C, E and W; longitudinal walls are on N and S.) Steel moment
frames are designed to carry their share of the lateral loads when
acting together with the shear walls, and at least 25% of the
prescribed lateral loads when acting alone. (The transverse frames
are on Lines 2, 3, and 6; the longitudinal frames are on Lines A and
C, with moment connections to the columns on Lines 1, 3, 5, and 7.)
For this system, RW = 12. At the roof, the metal deck system forms
a flexible diaphragm and the lateral loads are distributed by
tributary area; at the floor the concrete–filled metal deck system
forms a rigid diaphragm and the loads are distributed by relative
rigidities.

Discussion. Calculations are given for the amount of shear to each
floor for 100% of the total base shear to the shear walls and 25% of
the total base shear to the frames. The distribution of the base
shear to the shear walls is not given here; it would follow the
procedures of example A-1. The 25% requirement for the frames
governs the design of the frames because they have negligible
rigidity compared to the walls. The exterior concrete at the shear
walls is exposed; the other portions of the exterior walls are
covered with insulated steel sandwich panels.

Figure D-5. Dual bracing system.
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Figure D-5 Continued.
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Figure D-5. Continued
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Figure D-5. Continued
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Figure D-5. Continued.
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Figure D-5. Continued
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Figure D-5. Continued
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DESIGN EXAMPLE D-6

Wood Shear Panel System:

Description of Structure. A two-story wood
3, using wood floor and roof decks and wood
umns on centerline of building support roof
structural concept is illustrated on Sheets

Construction Outline.

framed classroom building in Zone
stud walls. Girders and col-
rafters and floor joists. The
2 and 3.

Roof: Exterior Walls:
-opposition & gravel. Wood stud bearing walls with

1“ diagonal sheathing.
Wood rafters, wood girders,
and columns.
Ceiling (drywall + acoustic
tile).

2nd Floor:
3/4” plywood sheathing.
Asphalt-tile.
Wood floor -joists, steel
girders & columns.

Ceiling (drywall + acoustic
tile).

exterior and interior
plaster.

Partitions:
The stair enclosure walls
are wood stud with plywood
sheathing on one. Other
interior walls are removable
drywall.

1st Floor:
Concrete slab-on-grade.

Design Concept. There is a line of columns and girders on the centerline of
the building, but the exterior walls are bearing walls. Thus the structure
does not have a complete vertical load-carrying space frame and is a Wood
Box System with a Rw-factor of 8. The diagonally-sheathed roof acts as a
diaphragm spanning between exterior walls. This is a very flexible dia-
phragm incapable of transferring significant rotational forces. The plywood
sheathed second floor is a flexible diaphragm. This second floor diaphragm
is interrupted by a stairwell. The permanent stair enclosure walls running
in a north-south direction are therefore used as shear walls.

Discussion. The accompanying computations show the load diagrams and dis-
tribution of horizontal forces to the various shear walls and the unit shear
and chord stresses in the diaphragm. Attention is called to the two second-
floor struts which must transfer diaphragm shears to the shear walls on each
side of the stairs. Double joists are used for these struts. Plywood
sheathing is given for one of the stair walls. As this wall is short, it
will be provided with special tie-down fastenings. Shear in piers of each
wall are computed as proportional to the solid space between openings.

Figure D-6. Wood box system.
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Figure D-6. Continued.
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Figure D-6. Continued.

D-147



TM 5-809-10/NAVFAC P-355/AFM 88-3, Chap 13

D-148



Figure D-6. Continued.
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Figure D-6. Continued.
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Figure D-6. Continued,
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Figure D-6. Continued.
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Figure D-6. Continued
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Figure D-6. Continued.
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Figure D-6. Continued.
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DESIGN EXAMPLE D-7

Special Configuration:

Description of Structure. A one-story industrial garage building in Seismic
Zone 3. The north, east, and west walls are concrete bearing walls. The
south wall is largely open for drive-in access and has concrete columns and
concrete beams over the openings. The roof is concrete slab and beams. The
structural concept is illustrated on Sheets 2 and 3.

Design Concept. The roof is a reinforced concrete beam and slab system
forming a relatively rigid diaphragm, even with a 6 to 1 length-width ratio.
The north, east, and west walls are concrete bearing walls. The south wall
is a rigid frame. The lateral forces are resisted by shear walls. The
building is a Box System with RW = 6.

Discussion. An estimate of the relative deflections and stiffnesses of the
north wall versus the south wall rigid frame indicates that practically all
of the east-west forces would be carried by the north wall. The resulting
rotation is resisted by the east and west walls. A computation of the de-
flection of the roof diaphragm in resisting north-south forces is shown. The
transverse bents formed by the south wall columns, the transverse roof beams,
and a portion of the north wall are checked to see if these bents are ade-
quate for the vertical load carrying capacity and the induced moment due to
3RW/8 times the deflection resulting from the lateral forces. The vertical
load stresses in the south wall beams will be combined with chord stresses of
the roof diaphragm.

Figure D-7. Special configuration.
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Figure D-7. Continued
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Figure D-7. Continued.
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Figure D-7. Continued.
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Figure D-7. Continued.
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Figure D-7. Continued.
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Figure D-7. Continued.
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Figure D-7. Continued.
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L-Shaped Building:

DESIGN EXAMPLE D-8

Description of Structure. A three-story L-shaped Administration Building in
Zone 3 with bearing walls in concrete, using a series of interior vertical
load-carrying column and girder bents. The structural concept is illustrated
on Sheets 2, 3, and 4.

Construction outline.
Roof : Exterior Walls:

Built-up, 5 ply. Bearing walls in concrete
Metal decking with insulation furred with GWB finish.
board.
Suspended ceiling. Partitions:

2nd & 3rd Floors: Non-structural removable
Metal decking with concrete drywall.
fill.

Asphalt tile.
Suspended ceiling.

1st Floor:
Concrete slab-on-grade.

Design Concept. Since the structure is without a complete load-carrying
space frame, the RW-factor is 6. The metal deck roof system forms a flex-
ible diaphragm, therefore the roof loads are distributed to the shear walls
by tributary area rather than by third story wall stiffnesses. The roof
diaphragm, being flexible, will not transmit accidental torsion to the shear
walls. The metal deck with concrete fill system for the floors form rigid
diaphragms. The walls act as a-series of vertical cantilever beams con-
nected together by struts at the floor lines. The wall analysis utilizes
the Design Curve for Masonry and Concrete Shear Walls on Figure 6.4.

Loads.
Roof: 2nd & 3rd Floors:
5-ply roofing = 6.0 p.s.f. Finish = 1.0 p.s.f.

1" insulation = 1.5 Steel deck = 3.1
Steel decks = 2.3 Concrete fill = 32.0
Steel purlins = 3.7 Steel beams = 5.9
Steel girders Steel girders
and columns = 1.2 and columns = 1.5
Ceiling = 10.0 Partitions = 20.0
Miscellaneous = 1.0 Ceiling = 10.0

Dead Load = 25.7 p.s.f. Miscellaneous = 1.0
Add for seismic: Dead Load = 74.5 p.s.f.
Partitions 10.0

Total for Live Load = 50.0 p.s.f.
seismic = 35.7 p.s.f.

Figure D-8. L-shaped building.
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Figure D-8. Continued.
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Figure D-8. Continued
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Figure D-8. Continued.
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Figure D-8. Continued.
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Figure D-8. Continued.
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Figure D-8. Continued.
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Figure D-8. Continued
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APPENDIX E

DESIGN EXAMPLES—MECHANICAL AND ELECTRICAL EQUIPMENT

E-1. Introduction. The design examples in this appendix are to illustrate principles, factors, and concepts
involved in seismic design. These are not mandatory; and other equivalent methods, materials, or details
complying with this manual and applicable agency guide specifications may be used.

E-2. Design Examples:
Fig. No. Description of Design Examples

E-1 Pad-Mounted Transformer.
Illustrates the seismic design of a typical, rigidly mounted item of equipment on the
ground.

E-2 Cooling Tower in Building,
Presents analysis for a rigidly mounted cooling tower in a multi-story building.

E-3 Unit Heater—Flexible Brace.
Analysis of a unit heater not rigidly braced.

E-4 Unit Heater–Rigid Support.
Demonstrates the reduction of the lateral seismic load by rigidly bracing the unit
heater of figure E-3.

E-5 Water Heater.
Indicates how a water heater in a barracks is investigated for seismic loads.

E-6 Tank on a Building.
Demonstrates the seismic analysis of a storage tank on a building. Emphasis is placed
on the period determination.

E-7 Water Riser.
Illustrates an approximate scheme used to determine the seismic loading on pipe
connections. A riser in a multi-story building is treated.
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Figure E-1. Pad-mounted transformer.
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Figure E-3. Unit heater–flexible brace.
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Figure E-3. Continued.
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Figure E-4. Unit heater-rigid support.
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Figure E-4. Continued.

E-7



TM 5-809-10/NAVFAC P-355/AFM 88-3, Chap 13

E-8



TM 5-809-10/NAVFAC P-355/AFM 88-3, Chap 13

E-9



TM 5-809-10/NAVFAC P-355/AFM 88-3, Chap 13

E-10



TM 5-809-10/NAVFAC P-355/AFM 88-3, Chap 13

Figure E-6. Continued.
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Figure E-7. Water riser.

E-12



TM 5-809-10/NAVFAC P-355/AFM 88-3, Chap 13

Figure E-7. Continued
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APPENDIX F

DESIGN EXAMPLES—NONBUILDING STRUCTURES

F-1. Introduction. The design examples in this appendix are to illustrate principles, factors, and concepts
involved in seismic design. These are not mandatory; and other equivalent methods, materials, or details
complying with this manual and applicable agency guide specifications may be used.

F-2. Design Examples—
Fig. No. Description of Design Examples

F-1 Elevated Tank (Braced Frame).
Four-legged, diagonal braced tower.

F-2 Vertical Tank (On Ground).
Vertical water tank supported directly by the ground.

F-3 Horizontal Tank (On Ground).
Typical horizontal tank supported on saddles.

F-4 Pole-Mounted Transformer.
Equipment supported by a non-building pole structure.

F-5 Tower-Mounted Equipment.
Tower-supported equipment is investigated for lateral seismic loads. The tower period
is computed.

DESIGN EXAMPLE : F-1

ELEVATED TANK (BRACED FRAME) :

Description of Structure. A 90,000 gallon steel water tank on top of a
114.5 foot high steel braced frame.

Lateral Loads.

V = (ZIC/RW) W
where Z = 0.3 (Zone 3)

I = 1.0
Rw = 3 (SEAOC TABLE 1-I)
S = 1.5 (Soil type     SEAOC TABLE 1-B)

T = 1.37 (See Sheet 2)
C = 1.25 S/T2/3 = 1.52

(SEAOC EQ 1-1)

v = (0.3 x 1.0 x ).52/3) W = 0.15 W

MINIMUM C/Rw = 0.50, V = 0.15W (SEAOC 11 5a)
Figure F-1. Elevated tank (braced frame).
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Figure F–1. Continued.
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DESIGN EXAMPLE: F-2

VERTICAL TANK (ON GROUND)

Description of Structure. A cylindrical water tank on grade with a radius
of 10 feet (R = 10), a height of 12 feet (hr = 12), and a water depth of
10 feet (h = 10). The tank is located in Seismic Zone 4 and I = 1.0. The
weight of the tank is 20 kips.

Required. The period of the sloshing water, the maximum vertical displace-
ment of the water (dmax), and the design seismic forces.
Refer to Chapter 13, paragraph 13-4.

Figure F-2. Vertical tank (on ground).

Figure F–2. Continued.
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Figure F-2. Continued.
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Figure F–2. Continued.
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Figure F–2. Continued.
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DESIGN EXAMPLE: F-3

HORIZONTAL TANK [ON GROUND):

Description of Structure. A 20,000 gallon steel tank in concrete
saddles on a concrete slab on grade. Seismic Zone 2A, I = 1.0, S = 1.5
For this rigid structure T < 0.3 sec.

Lateral Loads:

V=   WZIC
Rw

where Z = 0.15, I = 1.0, RW = 4, S = 1.5
C = 2.75
w = Weight of Tank plus contents.

(Table 4-1)

v = 0.15(1.0)(2.75) W
4

= 0.10 w > 0.075 w (OK)
[MINIMUM C/Rw = 0.5; V = 0.15 x 0.5W = 0.075W (SEAOC       )]

Figure F-3. Horizontal tank (on ground).
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Figure F-3. Continued
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Figure F-3. Continued
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Figure F-4 Pole-mounted transformer.
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